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1 

Introduction: Wettability and carbon nanofibers 

 

Abstract 

In this thesis we investigate the growth and 

wetting properties of carbon nanofibers 

(CNFs). In this chapter we introduce the 

concepts of wettability and a short 

description of the history, growth and 

characteristics of CNFs is given. Their 

unique structural and wetting properties, 

investigated in this thesis, render them an 

interesting candidate for application in 

microfluidics.  
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1.1 Wetting  

Surface wettability is of interest not only from the fundamental viewpoint, but 

also because of its technological applications in, for example, areas as coatings, 

textiles, lubrication and microfluidic technology.[1] In particular superhydrophobicity 

has attracted substantial research interest since Barthlott and Neinhuis[2] examined the 

microscopic origin of the high hydrophobicity of the lotus leaf (see Figure 1). 

Superhydrophobicity is characterized by a macroscopic water contact angle   larger 

than 150°, combined with small sliding angles and a low hysteresis between 

advancing and receding contact angles.[3] 

Droplets on chemically heterogeneous or microstructured surfaces can 

generally adopt two different states: the Wenzel state, in which the liquid completely 

wets the entire surface[4] (see Figure 2a), or the Cassie-Baxter state, in which the 

droplet only partly wets the surface, leaving air in between the microstructures under 

the droplet[5] (see Figure 2b). 

Wenzel proposed that the apparent (macroscopic) droplet contact angle   in 

case of complete wetting of the microstructured surface is influenced by the increase 

of the wetted area (compared to a droplet on a similar flat surface), 

                                                                                                          (1) 

 

Figure 1: Photograph of water droplets on a lotus leaf (© Dr. Arie van Houselt). 
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where   is the ratio of the wetted surface to the projected flat surface under the droplet 

and   is the equilibrium contact angle on a flat, homogeneous surface, given by 

Young’s equation (      
        

   
, with   the interface tension between the solid (s), 

liquid (l) and vapour (v) phase). Equation (1) implies that in the Wenzel state the 

inherent wettability of the corresponding flat surface is enhanced with an increase in 

surface roughness (see Figure 2c). 

In the Cassie-Baxter state equation (1) changes to: 

                                           
 
         ,                                     (2) 

where  
 
  is the fraction of the liquid interface that is in contact with the 

superhydrophobic solid. For droplets in the Cassie-Baxter state the apparent contact 

angle always increases upon introduction of surface roughness (see Figure 2d).  

 

 

Figure 2: A schematic representation of a liquid droplet in (a) the Wenzel state and (b) the 

Cassie-Baxter. In (c) and (d) the apparent contact angles upon introduction of surface roughness 

according to the Wenzel (c) and the Cassie-Baxter model (d) are shown.  
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1.2 Wetting and Catalysis 

This thesis is the result of fruitful co-operation between a research group 

focused on catalysis and a research group focused on fluid physics. The common 

interest raised due to the interesting properties of (super)hydrophobic surfaces and 

their possible applications. 

At a (super)hydrophobic liquid-solid interface the effective liquid-solid 

contact area is reduced by the entrapped vapor, which ultimately enhances slip and 

reduces drag and related energy dissipations.[6] Drag reduction is of importance for 

chemical engineering applications like the reactants or products flows in the pipelines 

of chemical production units, where pressure losses are substantial particularly if 

dimensions become smaller. Drag reduction is particularly important for fluid flow in 

microfluidic and nanofluidic systems, which are distinguished by a large surface-to-

volume ratio and flow at small Reynolds, capillary, and Bond numbers.[7,8] This 

created a tremendous interest in the design of anti-wetting surfaces, which are recently 

used to, among others, enhance mixing, slippage, drug delivery, heat transfer surfaces 

in air conditioners and to enhance the efficiency of catalytic microreactors.[9-11] For 

even the larger membrane reactors, it is demonstrated that the selective 

hydrophobization of the membrane may drastically enhance the performance of a gas-

liquid-solid microreactor.[12] 

Due to their excellent chemical and mechanical stability carbon nanofibers 

(CNFs) are a promising catalyst support and they could themselves be active as 

oxidation or, after nitrogen incorporation as base catalysts.[13]  

The wettability of the support materials may be crucial in catalytic reactions – 

hydrophilicity is preferred for reactions in aqueous media whereas hydrophobicity is 

preferred for reactions in non-aqueous media, where water is an important by-product. 

Hydrophobicity of the support enhanced the catalytic hydrogenation of nitrobenzene 

and dominated over the effect of catalyst size and loading.[14]  

Hydrophobic micro-porous surfaces with high surface to volume ratio can 

replace the gas diffusion layer in fuel cells and can increase their performance by 
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effectively removing water and improving the oxygen transport, thereby decreasing 

the overall mass and complexity and increasing the portability of a fuel cell.[15,16]  

In this thesis wetting and catalysis are brought together in the (catalytic) 

growth and evaluation of the wetting properties of CNFs. 

1.3 Carbon Nanofibers 

CNFs, probably first described in 1889[17] have been researched profoundly 

over the years. Robertson[18] reported the formation of graphitic carbon from methane 

in the presence of metal catalysts at relatively lower temperatures. A few years later 

Baker et al. detailed the formation of nanostructured carbon using the supported 

transition metal catalysts Nickel (Ni), Cobalt (Co) and Iron (Fe). [19] Till the eighties 

of the twentieth century detailed studies of CNFs were merely motivated by the 

undesirable deposition of carbon on the surface of steam crackers in the production of 

olefins.[20] The last decades three discoveries have boosted the research of 

nanostructured carbon. Firstly, the discovery of buckminsterfullerene, C60, in 1985 by, 

Kroto, Curl and Smalley.[21] Secondly the synthesis of carbon nanotubes (CNTs) in 

1991 by Iijima[22]. Lastly, and most spectacularly, the discovery of graphene, a single 

graphite sheet consisting of a hexagonal network of sp2 hybridized carbon atoms, in 

2004 by Novoselov and Geim.[23] 

CNFs are filamentous nanostructures grown by the diffusion of carbon 

through transition metal catalysts and the subsequent precipitation as graphitic 

filaments. The CNFs used in this thesis are grown by chemical vapor deposition 

(CVD) using ethylene (C2H4) as carbon containing gas and Ni as catalyst. A 

photograph of the CVD setup is shown in Figure 3.  

The view held in literature is that CVD-synthesized carbon nanostructures 

are formed by a solution-diffusion-precipitation process that generates graphitic 

carbon.[19] Hydrocarbon molecules decompose at the surface of the catalyst 

nanoparticle, and the carbon atoms dissolve into the metal forming a solid solution. 

Upon super-saturation of the catalyst particle, carbon growth occurs by diffusion-

driven precipitation of graphite layers at the surface of the particle. Solute 

precipitation occurs preferentially at dislocations and grain boundaries (i.e. where 
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stress fields are more intense), as a consequence of which polycrystalline metal 

nanoparticles offer many sites for precipitation of carbon and nanostructure growth. 

Tip-type and base-type growth mechanisms are reported, referring to the position of 

the catalyst particle during synthesis. The diameter and formation rate of carbon 

nanostructures highly depends on the feed gas composition, temperature and the type 

of metallic catalyst. 

 

Figure 3: A photograph of the CVD setup for carbon nanofiber growth. 

A graphene sheet rolled up into a cylinder is called a single walled carbon 

nanotube (CNT), while multi-walled nanotubes (MWNT) consist of multiple rolled 

layers (concentric tubes) of graphene. CNFs are classified based on the axis α 

between the graphene sheets and the central fiber axis as either platelet-type (α ~90°) 

or fishbone type (α ~45°). The anisotropy of graphite influences the properties of 

carbon nanostructures. CNTs have graphitic basal planes exposed with very few 

chemically active defect sites; whereas CNFs have hydrogen terminated graphitic 

edges, which are more amenable to chemical modification.  

Carbon nanostructures are mostly studied by scanning electron microscopy 

(SEM), transmission electron microscopy (TEM), energy-dispersive X-ray (EDX) 

spectroscopy and Raman spectroscopy.[24,25] 
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1.4 Scope of this thesis 

The subject of this thesis is the direct synthesis of well-adhesive carbon 

nanofiber (CNF) layers by thermal catalytic chemical vapor deposition method, with 

controllable morphology and wettability and a uniform substrate coverage on thin 

films of nickel on silicon substrates. The wetting properties of CNFs are evaluated via 

interaction with static droplets (water droplet evaporation under ambient conditions) 

and dynamic droplets (FC-72 and water droplet impact on heated CNF surfaces at 

different Weber numbers) droplets. For comparison, wettability studies on flat silicon 

surfaces are also presented. 

Chapter 2 introduces the concept of wettability, using chemically coated 

micro-textured silicon surfaces (fabricated by photolithography), which are 

omniphobic (water and oil repellant). Their stability against a so-called wetting 

transition from the Cassie-Baxter into the Wenzel state during evaporation of 

millimetric water droplets is investigating by varying the shape, surface roughness 

and edge curvature of the micropillars on the silicon surface. The experimental 

findings are compared with existing models that describe the Cassie-Baxter to Wenzel 

transition. 

In Chapter 3 we discuss the fabrication of nickel thin film coated silicon 

substrates for the synthesis of CNFs. Various substrates configurations (10 nm Ni; 25 

nm Ni; 25 nm Ni/10 nm Ta on SiO2) are described and the formation of Ni 

nanoparticles from the deposited continuous thin films and the resulting CNF growth 

are studied. The varied parameters are the substrate configuration, pretreatment 

atmospheres (vacuum, nitrogen, air and hydrogen), pretreatment temperature and 

time.  

In Chapter 4 the growth of carbon nanofibers on hydrogen-pretreated 

oxidized silicon substrates for different synthesis times is studied using Raman and 

Infrared spectroscopy, high resolution scanning electron microscopy and Helium Ion 

Microscopy, for various growth times using ethylene and ethylene/hydrogen as the 

hydrocarbon source.  

Typically superhydrophobicity on CNF substrates is obtained by chemical 
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post-treatment of the surface. Chapter 5 describes the direct synthesis of well-

adhesive CNF surfaces, on oxidized silicon substrate, with complete surface coverage 

as well as tunable wettability, without the necessity of further chemical post-synthesis 

treatments, for applications in silicon-based microfluidic systems.  

In Chapter 6 the time evolution of the water contact angle during evaporation 

under ambient conditions (T~23C, H~0.3) is studied. The contact angle and droplet 

mass during evaporation of water droplet are examined and the experimental data is 

compared with theoretical models. 

In Chapter 7, we discuss the boiling behavior (contact boiling and film 

boiling) and dynamic Leidenfrost temperature (the transition from contact boiling to 

film boiling for different Weber numbers) of impacting drops on heated silicon and 

CNF surfaces. The transition from the contact boiling to the film boiling regime 

depends not only on the temperature of the surface and the kinetic energy of the 

droplet, but also on the size of the structures fabricated on the surface. We 

experimentally show that surfaces covered with CNFs delay the transition to film 

boiling to much higher temperatures compared to smooth surfaces. We present 

physical arguments showing that, because of the small scale of the carbon fibers, they 

are cooled by the vapor flow just before the liquid impact, thus permitting contact 

boiling up to much higher temperatures than on smooth surfaces. 
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An introduction to wetting1,*  

Abstract 

Surfaces that exhibit contact angles 

close to 180 for both polar and non-

polar solvents are rare. Here, we report 

the fabrication of such “omniphobic” 

surfaces by photolithography. We 

investigate their stability against a so-

called wetting transition during 

evaporation of millimetric water 

droplets by systematically varying the 

shape and surface roughness of the 

micropillars on the surface. We show that a low edge curvature of the top of the micropillars 

strongly delays the transition, while it completely disappears when the surface roughness is 

increased. We compare these experimental findings with existing models that describe the 

Cassie-Baxter to Wenzel transition and conclude that new models are needed which include 

the hurdle of an energy barrier for the wetting transition. Our results reveal that by 

increasing the roughness of the micropillars, we do not affect the apparent equilibrium 

contact angle of the droplets. The dynamic robustness of the surface is, however, dramatically 

enhanced by an increase of the surface roughness. 

                                                 

1 This chapter is published as “Absence of an evaporation-driven wetting transition on omniphobic 
surfaces” by A. Susarrey-Arce, Á. G. Maŕin, H. Nair, L.  Lefferts, J. G. E. Gardeniers, D. Lohse and A. 
van Houselt, Soft Matter, 2012,  8,  9765. 
* Microstructures fabricated by A. Susarrey-Arce; Experiments performed together with A.G. Marin. 
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2.1 Introduction 

Superhydrophobic surfaces are extremely water repellent,[1] and contact angles 

above 150 have been reported. Inspiration for artificial superhydrophobic surfaces is 

found in nature: lotus leaves,[2] gecko feet,[3] and the legs of the water strider[4] are 

natural superhydrophobic surfaces. A myriad of applications of superhydrophobic 

surfaces have been reported, including self-cleaning,[5] drag-reducing,[6,7] anti-

freezing[8] and selective condensation surfaces.[9] 

Surfaces which are not only superhydrophobic, but also exhibit high contact 

angles (>150) with other liquids than water, like oils and alkanes, are even more 

intriguing. Oil-repelling surfaces are known as oleophobic surfaces and are, for 

example, used as coatings to repel oily fingerprints on the screens of smartphones. 

Surfaces which combine superhydrophobicity and superoleophobicity are referred to 

as “omniphobic”. However omniphobic surfaces are rare.[10,12-15] 

Superhydrophobic surfaces usually combine a low surface energy with surface 

texture, comprised of microstructures. The influence of the surface microstructures on 

the apparent contact angle of droplets is usually explained by the Wenzel model,[16] 

when the liquid fully fills the space between the surface microstructures, or by the 

Cassie-Baxter model,[17] when the liquid lays on top of the microstructures, leaving air 

in between the microstructures under the droplet. In the case of complete wetting, 

Wenzel proposed that the apparent (macroscopic) droplet contact angle    is 

influenced by the increase of the wetted area (compared to a droplet on a flat surface),  

                                                                                                        (1) 

where    is the ratio of the wetted surface to the projected flat surface under the 

droplet and   is the equilibrium contact angle on a flat, homogeneous surface, given 

by Young’s equation (      
        

   
, where   is the interface tension between the 

solid (s), liquid (l) and vapour (v) phase). Usually, the contact angle hysteresis is high 

in the Wenzel state (hereafter W), due to the strong contact-line pinning at the 

microstructures.[1] 
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In contrast, when the droplet sits on a composite surface of air and a 

hydrophobic solid, Cassie and Baxter derived an equation for the apparent 

(macroscopic) droplet contact angle,   : 

                                          
 
         ,                                      (2) 

where  
 
 is the fraction of the liquid interface that is in contact with the 

superhydrophobic solid. In the Cassie-Baxter or “Fakir” state (hereafter CB), droplets 

can easily roll off, often referred to as “self-cleaning”.[18] However, it has been 

found[19] that none of the above-mentioned equations describes the actual contact 

angle generally correctly. 

The CB state is commonly accepted to be metastable[1] and there have been 

several recent reports on the CB to W wetting transitions in droplets on 

microstructured surfaces.[20-33] The CB to W transition can occur spontaneously, [20-23] 

or can be triggered by, for instance, rapid deceleration,[23] application of an electrical 

voltage,[24] drop impact,[25, 26] vibration of the substrate, [27, 28] droplet squeezing, [29] or 

evaporation[30-32]. On the other hand, the CB to W transition is not always observed in 

evaporating droplets[34]. Reyssat et. al.,[32] for instance, reported that the CB to W 

transition does not occur on surfaces with arrays of high micropillars with aspect 

ratios > 10. In order to model the experimental data for the evaporation-driven CB to 

W transition, two approaches are reported. One, in which the increase in the Laplace-

pressure inside the evaporating droplet causes the CB to W transition, was 

successfully tested for long and thin micropillars with relatively large mutual 

interspaces.[32,35,36] And the other, based on comparison of the global interfacial 

energies of the CB and the W state, [20-22,30,36-39] which was successfully applied for 

shorter and thicker micropillars with relatively small mutual interspaces.[20-22,30] 

Here, we report the fabrication of new superomniphobic surfaces, on which 

water droplets preserve the CB state their entire lifetime during evaporation. We 

compare this evaporation process to water droplet evaporation on superhydrophobic 

surfaces with nanostructures of similar dimensions, and we examine the applicability 

of the interfacial energy argument to describe the CB to W transition on these 

surfaces.  
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2.2 Experimental Methods 

2.2.1 Fabrication of microstructures by photolithography and reactive ion etching 

The microarray was processed by reactive ion etching. In an attempt to control 

the angle of the sidewalls of the microstructures, the radio (RF) power and SF6, CHF3 

and O2 concentration were systematically varied. Etching experiments were 

performed in an Electrotech, Plasmafab 310-340 twin deposition/etch system, using a 

Silicon (100) wafer (100 mm diameter, 525 µm thick, 5-10 .cm, p-type). The 

reactive ion etching is performed in a parallel plate system with an RF generator 

operating at 13.56 MHz and an automatic matching network. The working 

temperature of the lower electrode (10 C) was controlled with an oil bath. A uniform 

etching rate was maintained with a ceramic plasma shower. High SF6 concentrations 

lead to anisotropic Si etching. The additional dosing of O2 and CHF3 during the 

plasma reaction results in a higher isotropic etching rate, which smoothens the 

microstructures. The resulting nanostructures with a well-defined concave shape and 

homogenous sidewalls are shown in Figure 1A.  

 

Figure 1: SEM micrographs of the surfaces A-D. In each image the scale bar represents 5 µm. 

The insets show a schematic representation of the micropillars. Straight lines represent smooth 

surfaces, while wavy lines represent rough surfaces. 
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To increase the radius of curvature of the edge of the pillars, ca. 1 µm of SiO2 

was grown by wet thermal oxidation. Because silicon oxide occupies a ca. 40% larger 

volume than the original silicon, this oxidation procedure will lead to increase of 

radius of curvature of the pillar edges. Figure 1B shows a SEM image of the resulting 

microstructures. To increase the surface roughness of the pillar sides (Figure 1C and 

D) a different etching procedure was followed in an Adixen AMS100DE, with an RF 

generator at 13.56 MHz and ICP plasma power up to 3 kW. The temperature of the 

lower plate holder was kept at –50 C, using liquid nitrogen as the coolant. The SF6 

gas flow rate was maintained constant (100 sccm), while the O2 flow rates were        

20 sccm and 25 sccm for microstructures C and D. Subsequently, an extra step was 

performed for microstructures D: the O2 concentration in the plasma chamber was 

varied by pulses, from 25 sccm to 15 sccm during the etching process. The absence of 

CHF3 in the etching process resulted in an increase in the surface roughness. The 

resulting microstructures in Figure 1C exhibit a flat top-surface, with nanoflakes at 

the border, while the sides of these microstructures exhibit a porous structure.   

Figure 1D shows square micropillars with smaller diameters and porous sidewalls. 

Further details on the sample preparations are published elsewhere.[11] The dimensions 

of the microstructures A-D are shown in Table 1. 

 

Table 1: Height (h), pillar-to-pillar nearest neighbor interspace (i) and diameter 

(d) of the microstructures on substrates A-D. 

2.2.2 Coating and contact angle measurement 

Silicon micropatterns were subsequently treated with 1% HF in water and 66% 

HNO3 in water before coating. Vapor deposition was carried out in a vacuum system 

using Trichloro (1H, 1H, 2H, 2H-perfluorooctyl) silane (FOTS 97%, Sigma-Aldrich). 

Contact angle measurements during evaporation at room temperature (21  1 C) 
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were realized at room temperature with a relative humidity of 35  5%, placing a 

water droplet of 2-6 µL on the microstructured substrate. The used water (18.2 M 

cm) was purified in a Millipore Milli-Q system which involves reverse osmosis, ion-

exchange, and filtration steps. Side view videos were captured via CCD camera 

equipped with 420× magnifying lenses and with a recording time of 1-2 frames per 

second. The equilibrium contact angle on a FOTS-coated plane Si (001) wafer was 

110.  The contact angle values on all samples were reproducible within three months 

after sample fabrication. 

Evaporation experiments with drops containing a colloidal suspension of 

spherical polystyrene were carried out by allowing a water droplet containing 

polystyrene particles (1 µm diameter, initial concentration 0.08% weight and initial 

volume 5 µL) to evaporate on the superhydrophobic surface at room temperature and 

30% of humidity. After a typical evaporation time of 45 min, the solvent is 

completely evaporated and only the colloids are left upon the substrate. 

2.3 Results and Discussions 

2.3.1 Samples and contact angles 

A photograph of droplets of n-octane (    = 21.6 m.N.m-1), water                    

(     = 72.8 m.N.m-1) and olive oil (     = 32.5 m.N.m-1) on one of our 

microstructured omniphobic surfaces (which is labeled as surface C) is shown in 

Figure 2. All droplets exhibit a similar contact angle (~160), which clearly illustrates 

the substrate’s omniphobicity. 

We fabricated a series of different microstructured substrates, the only 

difference being the edge-curvature and surface roughness. The resulting 

microstructures, labeled A-D are shown in Figure 1A-D. Their height (h), 

interspacing (i) and diameter (d) were all in the same range; see Table 1. The 

microstructures were placed on a square lattice with periodicity p = d + i and the 

surface packing fraction of the structures ( ) was of the order of 5%.  The sides of the 

micropillars on samples A and B were smooth at the micro-scale (see the schematic 

representations in the insets in Figures 1A-D), while the sides of the micropillars on 

sample C were porous, giving rise to roughness at the micro-scale. On sample D the 
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sockets of the pillars were smooth at the micro-scale, while their upper half was 

slightly porous. The edges of the pillars in sample A were very sharp (radius of 

curvature << 1 µm), while the edges on sample B were more rounded (radius of 

curvature ≈ 1 µm). On samples C and D the top plateaus of the pillars exhibit frayed, 

sharp edges (radius of curvature << 1 µm). 

 

Figure 2: Demonstration of the omniphobicity of substrate C. Droplets of n-octane (left,     = 

21.6 m.N.m-1), water (middle,     = 72.8 m.N.m-1) and olive oil (right,     = 32.5 m.N.m-1), 

showing contact angles of ~160 on this substrate. 

On all samples, the contact angles for water, olive oil and n-octane were found 

to be (150 ± 5), (155 ± 5) and (155 ± 5), respectively. In all cases the contact angle 

hysteresis was limited to less than 10 degrees. The omniphobicity of substrates A-D 

could be related to the re-entrant surface curvature, or, in other words, the “over-

Hanging” microstructures. According to Tuteja et. al., [10] such multivalued surface 

topography does indeed result in superhydrophobicity and superoleophobicity. 

2.3.2 Evaporation of water droplets 

The evaporation of water droplets with initial volumes ranging from 2 to 6 µL 

was filmed from the side. Snapshots of side-view images of the evaporating droplets 

are shown in Figure 3. Several experiments were performed for each surface, with 

reproducible results. For substrates A and B a transition from the CB state to the W 

state is clearly visible.  
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Figure 3: Snapshots of the side-views of an evaporating water droplet on the microstructured 

substrates A-D. The droplet on sample A is in the CB state with a high contact angle in the first 

three snapshots, while in the last snapshot the droplet is in the W state. The droplet on substrate 

B is in the CB state in the first two snapshots and has undergone the CB to W transition in the 

last two snapshots. On substrates C and D the droplet stays in the CB state for its entire lifetime. 

Note that light and the microstructures are visible under the droplet when it is in the CB state 

and not when it is in the W state. 

On substrate A the droplet was in the CB state for the first 3 images (note the 

light between the droplet and the surface microstructures), while in the last snapshot, 

the droplet has undergone the CB to W transition: the contact angle dropped from ~ 
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140 to ~ 80 and there was no light visible under the droplet, since the water filled 

the space between the droplet and the surface microstructures. Such a transition was 

also observed between the first and the last two snapshots of the droplet on substrate 

B. For substrates C and D the transition was not observed in the side-view images at 

all. 

From the side-view images we extracted the height, the base radius, and the 

contact angle of the droplet as a function of time. The base diameter of the 

evaporating droplets on the substrates A-D is shown in Figure 4 as a function of time.  

 

Figure 4: Base diameter of the evaporating water droplets on the substrates A-D, extracted from 

the side-views, as a function of time. 

The evaporation time on the substrates A-D differs due to different initial 

volumes of the evaporating droplets. The CB to W transition on samples A and B is 

visible as a sudden increase in the base diameter: on sample A the base diameter 

increased from ~146 µm to 211 µm at t = 2240 s (see the inset in Figure 4A) and on 
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sample B the base diameter increased from ~300 µm to 375 µm at t = 1220 s. On 

samples C and D such a sudden increase was not observed. Pinning of the contact-line 

leads to a stepwise retraction from pillar to pillar, which shows up as distinct plateaus 

in the plot of base diameter as a function of time in Figure 4C and D. The step size 

between subsequent plateaus corresponds to the interspacing between the 

microstructures ( = p ± d).  

2.3.3 Evaporation of a colloidal solution 

The contact angle of the evaporating droplets on the substrates A-D is shown 

in Figure 5 as a function of time.  

 

Figure 5: Contact angle,  of the evaporating water droplets on the substrates A-D, extracted 

from the side-views, as a function of time. The CB to W transitions on substrates A and B are 

marked by the gray ellipses. 

The CB to W transition on samples A and B is noticeable as a sudden decrease in the 

contact angle (marked by the gray ellipses). On samples C and D such a sudden 
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decrease is not observed. One could argue that the transition from the CB to the W 

state on substrate C and D may happen when the size of the droplet is beyond the 

resolution of our camera. To test this hypothesis we performed evaporation 

experiments with a colloidal suspension of spherical polystyrene particles of 1 µm in 

diameter. After evaporation, the polystyrene particles were exclusively found on top 

of the microstructures (see Figure 6), which shows that the droplet was in the CB 

state, sitting on top of the microstructures, during its entire lifetime. In contrast, we 

found the polystyrene particles all over the surface in cases where a CB to W 

transition occurred. 

 

Figure 6: SEM micrographs of substrate C after evaporation of a droplet containing a colloidal 

suspension of polystyrene particles. After evaporation of the water, the particles are exclusively 

found on top of the microstructures, demonstrating that the droplet remained on top of the 

pillars during the entire evaporation process. The inset shows a zoom-in on a single micropillar 

with the polystyrene particles on top of the pillar. 

2.3.4 Comparing with mechanisms from literature 

We compare our experimental data with the transition mechanisms proposed 

in the literature. For a Laplace-pressure driven mechanism the moment of transition 

will, for nanostructures of similar dimensions, be totally determined by the droplet 

size. Reyssat et.al.[32] proposed that a Laplace-pressure driven transition will occur 

when the droplet radius       ⁄ . For our samples (with comparable   and   values), 

this corresponds to a critical radius of ~ 22 ± 3 µm. For sample A we observed the CB 
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to W transition when the base diameter was ~150 µm. At that moment the drop had a 

radius of ~ 90 µm, corresponding to a Laplace-pressure of ~1.6 kPa. For sample B we 

observed the CB to W transition when the base diameter and radius were ~300 µm 

and ~180 µm, respectively, corresponding to a Laplace-pressure of ~ 0.8 kPa. In 

samples C and D the transition was never observed, even for very small droplet sizes 

(high Laplace-pressures). The CB to W transition therefore cannot be fully described 

by a Laplace-pressure driven mechanism. 

Next we discuss the validity of a global interfacial energy argument[20-22,30] to 

describe the CB to W transition. This argument is based on comparison of the 

interfacial energies ECB and EW for the CB and the W states during the evaporation 

process. The total interfacial energy ECB or EW is the sum of the creation energies of 

all interfaces. Thus, 

                      and                                ,  

where   is the interfacial area and the indices  ,   and   indicate, as earlier, the solid, 

liquid and vapour phases, respectively. We used     = 72.8 m.N.m-1 for the droplet-air 

interface and     = 12 m.N.m-1 for the FOTS-coated SiO2 surface[40]. Following the 

approach of Tsai et. al.,[30] the interface tension     is estimated by a force balance at 

the contact-line using a modified Young’s equation: 

                 . 

   was determined from the side-view images of the evaporating droplets.  

We illustrate this global interfacial energy argument with an example of water 

droplet evaporation on a substrate with straight micropillars (see the inset in Figure 7 

for a SEM image of the surface). These micropillars have similar height, interspacing 

and diameter as structures A-D, without added curvature and roughness. The blue 

open circles in Figure 7 show the base diameter of the evaporating droplet as a 

function of time. The CB to W transition occurred at t = 2300 s when the base 

diameter had increased from 395 µm to 483 µm. This moment is marked by the 

vertical line and the gray ellipses. Using the base diameter and the contact angle as 

extracted from the side-view images we calculated ECB and EW for each moment of 

the droplet’s lifetime. The energy difference ECB - EW is plotted as the closed triangles 
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in Figure 7. From the beginning of the evaporation process until t = 2300 s the energy 

difference ECB - EW is negative, since the CB state has a lower energy than the W state 

and, hence, the droplet is in the CB state. After t = 2300 s the W state has the lowest 

energy. The CB to W transition is occurring when ECB = EW, i.e. at t = 2300 s, which 

is exactly the moment when the CB to W transition is observed in the side-view 

images of the droplet. 

 

 

Figure 7: Illustration of the global interfacial energy argument on a substrate containing 

micropillars with straight interfaces and sharp edges (see the inset for a SEM micrograph). The 

open circles (referring to the left-hand ordinate) represent the base diameter of the evaporating 

water droplet as a function of time. The closed triangles (referring to the right-hand ordinate) 

show the calculated interfacial energy difference ECB - EW. The horizontal line is positioned at 

ECB - EW = 0 and the vertical line marks the time when the CB to W transition occurs, exactly 

when ECB - EW = 0. 

Figure 8 displays the calculated energy difference ECB - EW for the 

evaporating droplets on the substrates A-D as a function of time. For the droplet on 

substrate A the energy difference ECB - EW  is positive until  t = 1250 s, indicating that 

in this period the W state has the lowest energy. This observation is in agreement with 

the findings of Kwon et.al.[23] for larger droplets. From t = 1250 s until t = 2220 s the 

energy difference ECB - EW is negative, while from t = 2220 s, the CB state becomes 
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lower in energy again. Note that the CB to W transition occurred at t = 2238 s on 

substrate A. The calculated lowest energy state in the initial stages of the droplet 

evaporation on substrates B-D is the CB state. During the evaporation process of each 

droplet, the calculated energy difference ECB - EW  equals zero at some moment. This 

moment is, however, not in agreement with the experimentally observed CB to W 

transition on substrates A and B and with the absence of a transition on substrates C 

and D. Note that for substrates C and D the exact surface roughness of the walls of the 

micropillars is unknown. Calculations were therefore performed at different 

roughness values, namely for r = 1, r = 2, and    r = 4, with r defined as in Equation 

(1). In all cases the calculated energy difference ECB - EW  goes through zero during the 

evaporation of the droplet, but no CB to W transition is experimentally observed. 

 

Figure 8: Calculated interfacial energy difference ECB - EW for the evaporating water droplets on 

the substrates A-D as a function of time. The vertical lines in graphs A and B mark the time when 

the CB to W transitions occurs. For substrates C and D the exact surface roughness on the sides 

of the pillars is unknown. The energy difference ECB - EW is calculated for three roughness values, 

namely, r = 1 (blue), r = 2 (brown) and r = 4 (green). The dotted horizontal lines are positioned at 

ECB - EW = 0.  
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2.3.5 The global energy argument crisis 

The presented global interfacial energy argument obviously fails to predict the 

CB to W transitions on our substrates: For the droplet on substrate A it predicts the 

CB to W transition at t = 2220 s, while in the earlier stages of the evaporation process 

(from t = 0 to t = 1250 s), the W state was calculated to be the lowest in energy. 

Experimentally it was observed that the droplet was in the CB state till t = 2238 s. For 

the droplet on substrate B the global interfacial energy argument predicts a transition 

at t = 650 s, while the observed transition occurred at t = 1220 s. For the droplets on 

substrates C and D, all the calculations predict a CB to W transition, while such a 

transition was never observed on these substrates.  

Why is the global interfacial energy argument, as presented above, insufficient 

to explain the experimental observations for our substrates A-D? In the above 

described interfacial energy argument only the interfacial energies are taken into 

account. The positions of the (global) energy minima may be correctly determined 

from such a calculation. Possible barriers to the CB to W transition, are, however, not 

taken into account. When the CB to W transition is kinetically hindered, barriers 

should be taken into account and the above described interfacial energy argument fails 

to describe the transition. The possible existence of an energy barrier between the CB 

and the W state is, among others, described by Patankar[39,41] and Gao and 

McCarthy[42]. Koishi et. al.[38] calculated a barrier on the basis of statistical-

mechanics. Savoy and Escobedo[43] reported detailed information about the transition 

kinetics and mechanism for small droplets on the basis of molecular dynamic (MD) 

simulations. Nosonovsky[44] reported the existence of energy barriers for surfaces with 

a re-entrant surface curvature. The variation in the sharpness of the edges and the 

surface roughness of the micropillars on substrate A-D results in different energy 

barriers which must be overcome by the evaporating droplet in order to reach the 

energy minimum in the W state. The development of a model to predict the CB to W 

transition that includes the possible energy barrier between the CB and the W states is 

needed. MD simulations seem promising to fill this gap[43]. Our findings emphasize 

that to design omniphobic substrates, not only the geometrical shape and arrangement 

of the microstructures but also the (nano)roughness and edge-curvature should be 

taken into account. 



Chapter 2 

26 

2.4 Conclusions 

In summary, we have produced a series of substrates which display high 

equilibrium contact angles (  > 150) for water, n-octane and olive oil. We have 

studied the evaporation-driven wetting transition of water on these substrates. It was 

found that CB to W transition can be either substantially delayed or totally avoided by 

changing the edge curvature of the microstructures and addition of roughness to the 

micropillar walls. We verified that neither a Laplace-pressure driven mechanism nor a 

global interfacial energy argument describes the CB to W transition on these surfaces 

correctly, since they are not able to estimate the energy barrier that separates the CB 

and the W states. The added roughness and edge-curvature were concluded to be the 

physical origin of this energy barrier. For pillars with sharp edges and straight 

interfaces, the global interfacial energy argument can be successfully applied to 

predict the CB to W transition, indicating the absence of an energy barrier on this 

substrate. Our results convincingly show that even though the added edge-curvature 

and roughness did not significantly change the equilibrium contact angle, they greatly 

enhanced the dynamical robustness of our omniphobic substrates.  
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Influence of thin film nickel pretreatment on catalytic 

thermal chemical vapor deposition of carbon 

nanofibers1,*  

Abstract 

Nickel (Ni) and other metal nanoparticles are 

known to be active as catalysts in the synthesis 

of carbon nanofibers. In this chapter we 

investigate how dewetting and break-up of nickel 

thin films depend on film thickness, film 

substrate interaction and pretreatment 

conditions. This is evaluated for films 

evaporated on oxidized silicon and fused silica 

substrates with or without tantalum (Ta) coating, which were subsequently exposed to 

different pretreatment atmospheres (vacuum, nitrogen, air and hydrogen; 1 h, 650 C). 

Atomic force microscopy, scanning electron microscopy and energy dispersive X-ray analysis 

were used to characterize the films. Pretreated Ni films were subjected to a thermal catalytic 

chemical vapor deposition procedure with brief ethylene exposures (0.5 - 3 min, 635 C). It 

was found that only on the spherical nanoparticles originating from a hydrogen pretreatment 

of a Ni film with Ta adhesion layer, homogeneously distributed, randomly-oriented, well-

attached, and semi-crystalline carbon nanofibers be synthesized.  

                                                 

1 This chapter is published as “Influence of thin film nickel pretreatment on catalytic thermal chemical 
vapor deposition on carbon nanofibers” by R. M. Tiggelaar, D. B. Thakur, H. Nair, L. Lefferts. K. 
Seshan, J. G. E. Gardeniers, Thin solid Films, 2013, 534, 341. 
*Catalyst substrate preparations with R.M.Tiggelaar, Experiments on fused Si with D.B. Thakur. 
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3.1 Introduction 

Due to their exceptional mechanical, physical, electrical, and chemical 

properties,[1-5] carbon nanofibers (CNFs) and carbon nanotubes (CNTs) are used in a 

wide variety of applications, ranging from composite reinforcing,[6] chemical 

sensing[7,8] and hydrogen storage[9] to superhydrophobic surfaces,[10] field emitters,[11] 

electrodes in fuel cells and plasma microreactors,[12,13] and catalyst supports in 

microreactors.[14-17] 

A crucial role in the growth of CNFs and CNTs by thermal catalytic chemical 

vapor deposition (TC-CVD) is played by the nanoparticles composed of a transition 

metal like cobalt (Co), iron (Fe), and nickel (Ni), or their alloys, which are used to 

catalyze the synthesis of the nanostructures from hydrocarbon gases like methane 

(CH4), acetylene (C2H2), ethylene (C2H4), ethane (C2H6), carbon monoxide (CO) or 

synthesis gas (mixture of CO and hydrogen (H2) ), at temperatures between 400 C 

and 1000 C. CNFs are claimed to be formed by a solution-diffusion-precipitation 

process that generates graphitic carbon.[18] Hydrocarbon molecules decompose at the 

surface of the nanoparticle, and carbon atoms dissolve into the metal forming a solid 

solution, from which upon super-saturation graphite layers nucleate and grow at the 

nanoparticle surface by diffusion-driven precipitation.[19-21] This preferentially occurs 

at stressed locations, like dislocations and grain boundaries, with the consequence that 

polycrystalline metal nanoparticles offer many sites for precipitation of carbon and 

nanostructure growth.[19] The effect of nanoparticle size and synthesis temperature on 

CNF nucleation and growth can be understood on the basis of the temperature 

dependence of the solubility (S) and diffusivity (D) of carbon, which both increase 

with temperature. Thus, at a fixed temperature nucleation and growth rate are higher 

on smaller particles, due to the effect that the diffusion flux in the particles is 

proportional to their surface-to-volume ratio.[22] For a given nanoparticle size, CNF 

growth rate increases with temperature,[23] so that on large nanoparticles at high 

synthesis temperatures CNFs will nucleate and grow to larger diameters,[19,20, 22,23] 

while at low synthesis temperatures no growth occurs. In the latter case particles may 

become catalytically inactive due to coverage with carbon layers.[19,20] Above a 

certain temperature a decrease in yield occurs, which is due to catalyst deactivation as 
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a result of a disturbed balance between graphite formation kinetics and amorphous 

carbon deposition[22] or due to loss of catalyst by e.g. evaporation.[24,25] Addition of 

ammonia (NH3) or H2 to the hydrocarbon source maintains the nanoparticles 

catalytically active over a wider temperature range by reducing coverage by 

amorphous carbon.[22, 26-29] 

From the above it is clear that a well-defined catalyst nanoparticle size is 

essential for control of CNF growth rate and morphology. Although it is possible to 

start with pre-patterned catalyst islands (e.g. defined by photolithography), usually 

dispersed metal nanoparticles are obtained by deposition of a continuous metal film 

followed by a sintering process which leads to substrate dewetting and break-up of the 

film because of interfacial energy minimization. The resulting very small particles 

agglomerate into larger crystals at higher thermal budget,[24,27,28,30,31] for which 

process three principal mechanisms have been identified: i) crystallite migration, ii) 

atomic migration via the surface, iii) atomic migration via the vapor.[32]  Determining 

factors are surface and bulk atom mobility, and residual stress (e.g. resulting from 

thermal expansion mismatch between substrate and film). For fixed temperature and 

atmosphere, pretreatment of thinner films yields smaller particles with a sharp size 

distribution and a high surface density (in this work defined as the amount of metallic 

particles per unit area). Pretreatment atmosphere can have an effect on particle 

formation, especially for metals which strongly interact with oxides or are easily 

oxidized themselves, which due to a lower surface mobility give low density, large 

nanoparticles. This can be by-passed by a reducing atmosphere,[19,22,23,26-28,33-35] e.g., 

for Fe evaporated on oxidized silicon, smaller islands are formed in NH3 and H2 with 

respect to vacuum, air or argon (Ar).[28] 

Ni films do not adhere well to materials like oxidized silicon and fused silica, 

and therefore an intermediate layer to improve the adhesion is often applied. For 

applications at temperatures above 500 ºC, a 10-20 nm thick layer of Ti-W or Ta is 

optimal.[14] Although silicide formation can be prevented with a thin oxide layer       

(> 4 nm[24]), it can also be used for anchoring of metallic nanoparticles on which base-

type grown carbon nanostructures can be synthesized, provided enough metal of the 

nanoparticles remains to catalyze CNF synthesis.[33] An implication of the use of an 
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adhesion layer is that dewetting and nanoparticle formation will become          

different.[22,35,36] 

In this contribution we present new experimental data on dewetting of Ni thin 

films which were evaporated on oxidized silicon and fused silica substrates with or 

without Ta adhesion layer, pretreated in different atmospheres and subsequently 

briefly exposed to a TCCVD synthesis protocol (0.5-3 min, 635 ºC) in order to obtain 

CNFs. The effect of thermal pretreatment conditions (vacuum, nitrogen, air and 

hydrogen; 1 h, 650 ºC) on the initial properties of the metal film, its interaction with 

the substrate, and the generated catalyst nanoparticles is systematically studied.  

3.2 Experimental Methods 

3.2.1 Preparation of nickel thin films 

Ni thin films were deposited on Si{100} substrates (p-type, resistivity            

5-10 Ω.cm, 100 mm diameter, thickness 525 μm, single side polished; Okmetic, 

Finland) with a ca. 250 nm SiO2 layer prepared by steam oxidation, and fused silica 

substrates (UV Grade 7980F, diameter 100 mm, thickness 500 μm; Corning, USA). 

The substrates were ultrasonically cleaned in de-mineralized water for 10 min, 

followed by immersion in fuming 100% nitric acid (Selectipur 100453, BASF) for   

10 min, and boiling 69% nitric acid (VLSI 116445, BASF) for 15 min, rinsing in     

de-mineralized water, and dry spinning. In order to avoid damaging of deposited thin 

films during dicing, prior to metal deposition squares of 8 mm × 8 mm were defined 

on the substrates via spin-coated photoresist (Olin 907-12). Via evaporation at 

pressures below 10-5 Pa (Balzers BAK600 electron-gun system), several different 

configurations of metal thin films were deposited, viz. 10 nm Ni on oxidized silicon, 

25 nm Ni on oxidized silicon, and 25 nm Ni + 10 nm Ta on oxidized silicon and on 

fused silica. The purity of the Ni target material was 99.99%, and at least 99.95% for 

the adhesion metal Ta; evaporation rates (controlled by an in-situ thickness monitor) 

were 1-5 Å.s-1 for Ta and 10-15 Å.s-1 for Ni. After metal deposition, an ultrasonic lift-

off step in acetone (VLSI, 100038, BASF) was carried out for over 20 min, followed 

by immersion in isopropanol for 10 min (VLSI 107038, BASF), rinsing in               

de-mineralized water for 10 min, and dry spinning. Finally, the Ni-coated substrates 
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were diced into samples of 1 cm × 1 cm (Disco DAD-321 dicing machine). 

3.2.2 Pretreatment for the formation of nanoparticles 

The samples were cleaned in acetone for 5 min (Branson 200 ultrasonic 

cleaner) to remove organic contaminants, followed by rinsing in de-ionized water and 

drying with pressurized technical air. The samples were annealed in a tubular quartz 

reactor (heated externally by a horizontal three-zone furnace, Elicra Electrowarmte 

B.V.) with a ramp of 5 K.min-1 from room temperature to 650 ºC, kept at this 

temperature for 1 h, and cooled down to room temperature. Four different annealing 

atmospheres were used: vacuum (down to 700 Pa), nitrogen (N2, 99.95% PRAXAIR, 

ambient pressure, flow rate 50 ml.min-1), air (technical air, ambient pressure, flow rate 

50 ml.min-1), and hydrogen (99.999%, INDUGAS; 20 vol.% H2 in N2, total flow rate 

50 ml.min-1). The reducing pretreatment in hydrogen atmosphere was also carried out 

at 500 ºC (2 h), 600 ºC (1 h), and 700 ºC (1 h). 

3.2.3 Synthesis of CNFs 

Synthesis was performed in a quartz reactor heated by a horizontal three-zone 

furnace (Elicra Electrowarmte B.V.), after ramping up in N2 from room temperature at 

a rate of 5 K.min-1 to a temperature of 635 ºC, where CNF formation was performed 

in 25 vol.% ethylene in N2 (total flow rate 100 ml.min-1). After a reaction time of 30 s, 

1 min or 3 min, the samples were cooled down in N2 to room temperature. Samples 

exposed to different pretreatment atmospheres were subjected to identical CNF 

growth conditions in the same run. 

3.2.4 Characterization of nanoparticles and CNFs 

As-deposited and pretreated Ni thin films were characterized with atomic 

force microscopy (AFM; Nanoscope IV, Veeco Instruments, tapping mode, tip radius 

30  7.5 µm) to obtain information on height of nanoparticles. High-resolution 

scanning electron microscope top-view imaging (HR-SEM; LEO 1550) in 

combination with ImageJ software was used to evaluate size, distribution and density 

of nanoparticles. For each combination of sample composition and pretreatment 

condition, 3 to 5 images were recorded at 50× magnification (acceleration voltages:   

4 kV for silicon, 1 kV for fused silica). Of each SEM-image, the centre-area of           
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5 µm × 7 µm was considered: this area was converted into gray-scale values (8-bit), 

followed by binarization, thresholding, identification of the edges of particles and 

discretization (all by means of a standard “particle counting and analysis” toolbox in 

ImageJ) in order to analyse the metallic particle size, distribution and density. Origin 

was used to average data gathered from various SEM-images recorded on similarly 

pretreated and composed samples. Energy dispersive X-ray analysis (EDX; Thermo 

Noran Vantage system, accelerating voltage 15 keV, lifetime 50 s) was applied to 

determine the composition of the particles (area scans of 250 nm × 250 nm and      

500 nm × 500 nm on at least 3 randomly selected locations at 100× magnification). 

After the CNF synthesis process, HR-SEM imaging and room temperature Raman 

spectroscopy (Senterra Raman microscope spectrometer, Bruker, excitation 

wavelength 532 nm) were used to analyze the carbon-coating/CNF coating and its 

crystallinity. 

3.3 Results and Discussions 

3.3.1 Pretreatment and Ni nanoparticle formation 

Dewetting of as-deposited continuous metallic thin films involves distinct 

stages, i.e. hole nucleation, growth of holes, intersection of holes, rivulet retraction 

and formation of metallic particles.[37-39] The stage of the dewetting process which is 

accomplished depends, amongst other things, on the pretreatment settings 

(temperature, time, environment) to which a sample is exposed. The number of 

metallic particles (and their size and shape) that are eventually formed is influenced 

by the number of film instabilities, which on its turn is affected by the composition 

and thickness of the thin film, deposition conditions and type of substrate. In     

Figure 1, SEM-images are shown for four Ni thin film configurations annealed for    

1 h at 650 ºC in different atmospheres. All investigated films reveal a stage of the 

dewetting process: up to the formation and/or intersection of holes in case of a 

pretreatment in vacuum and air, whereas particles are visible for pretreatments in N2 

and H2. 

Clearly, the annealing atmosphere, the thickness of the Ni film and the 

absence/presence of a Ta adhesion layer heavily influence the dewetting process. No 
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morphological differences between films on oxidized silicon and fused silica are 

observed (gray-scale differences in the respective images are due to different 

accelerating voltage settings during SEM imaging, to avoid electrical charging).  

 

 

Figure 1: SEM-images of Ni thin films on oxidized silicon and fused silica after pretreatment in 

different atmospheres (650 C, 1 h). All images have the same scale, i.e. each image represents a 

sample area of 7.0 µm × 4.7 µm (the scale bars are 1 µm). 

Only pretreatment at 650 ºC for 1 h in a reducing atmosphere results in the 

formation of nanoparticles, which can be understood by the fact, besides that these 

conditions favor dewetting,[40] the reduction of metal oxides enhances surface 

mobility.[41]  The opposite occurs for oxidizing atmosphere,[28,41] for which it is known 

that even ppm quantities of oxygen or moisture are sufficient to significantly 

compromise dewetting.[41] This trend is found in Figure 1, where pretreatment in 

vacuum after evacuation from ambient air, and in technical air results in hole 

formation, while pretreatment in nitrogen (99.95%) leads to the appearance of small 

hillocks and hydrogen gives separated nanoparticles.  
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Examination of the reduced samples in Figure 1 shows that a 10 nm thick Ni 

film yields small particles with a high surface density, in agreement with 

literature.[20,28,35,36,38-40] The particles have spherical or elliptical shape. For the 

dewetted 25 nm Ni film, the formation of particles, even under reducing conditions, is 

less clear, and it seems that dewetting either has not been completed, or particles have 

started to agglomerate, for the applied pretreatment time. The presence of 10 nm Ta 

gives a smaller particle size (compared to 25 nm Ni without Ta). The shape of the 

nanoparticles of reduced 25 nm Ni/10 nm Ta is elliptical or spherical, similar to 

dewetted 10 nm Ni. Based on literature (see Section 3.1\paragraph 3) it is known 

that pretreated metal films that have a low surface mobility yield low density, large 

metallic nanoparticles: since the particle size of reduction-pretreated 25 nm Ni is 

larger than of 25 nm Ni/10 nm Ta (exposed to similar pretreatment settings), it is 

speculated that the surface mobility of Ni is higher on Ta than on oxidized silicon. 

Alternatively, the presence of Ta might initiate an increase in the amount of 

instabilities in the Ni thin film, which also gives rise to smaller metallic nanoparticles 

upon reduction-pretreatment. If the arise of spherical metallic nanoparticles is 

considered as final stage of dewetting (and not the size of spherical nanoparticles), 

one could argue that the presence of Ta influences (i.e. accelerates) the dewetting 

process for films exposed to identical pretreatment settings: in case of 25 nm Ni on  

10 nm Ta spherical particles are visible after a reduction-pretreatment of 1 h at  650 

°C, whereas this is not yet the case of 25 nm Ni on oxidized silicon. 

 

Figure 2: SEM-images of Ni/Ta thin films (25 nm Ni/10 nm Ta) on fused silica after pretreatment 

in hydrogen atmosphere (the scale bars are 400 nm).  

As can be concluded from Figure 2, which shows a series of SEM-images of 

25 nm Ni/10 nm Ta films reduced at various temperatures, the Ta layer does not break 
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up into nanoparticles but remains a continuous, porous layer (see insets Figure 2). 

Comparison of the pretreatments of 25 nm Ni/10 nm Ta at 500 ºC for 2 h (Figure 2) 

and 650 ºC for 1 h (Figure 1) reveals that the thermal budget significantly influences 

dewetting: 2 h at 500 ºC yields larger particles (i.e. 2-3 times) than 1 h at 650 ºC, 

while for a fixed pretreatment time the sample exposed to the highest temperature 

contains the largest particles.  

EDX analysis confirms that the major component of the particles is Ni      

(Table 1). The oxygen (O2) present in the particles probably arises from exposure to 

ambient air after pretreatment. Locations between particles show very low Ni content. 

Unfortunately for areas in-between Ni-particles no discrimination can be made 

between oxidized silicon and (oxidized) Ta, since the Si-K line and the Ta-M line are 

both near 1.7 keV.[42,43] No deconvolution of these overlapping EDX peaks was 

performed.  

Pretreatment 
Location EDX 

Element Line 
# 
Counts 

Atom 
%

§
  

Element 
wt.%

 §
 

500 ºC 
2 hours 

In-between 
area 

C K 1159 34 21 

O K 3311 28 24 

Si K 57636 37 54 

Ni 
K 153 

1 1 
L 909 

Particle C K 407 16 7 

O K 3053 29 16 

Si K 26078 33 33 

Ni 
K 5160 

22 44 
L 12748 

650 ºC 
1 hour 

In-between 
area 

C K 1209 34 22 

O K 3510 30 25 

Si K 52245 35 51 

Ni 
K 301 

1 3 
L 1271 

Particle C K 240 12 5 

O K 2615 31 16 

Si K 18796 31 29 

Ni 
K 4813 

26 50 
L 12399 

Table 1: EDX-data on Ni/Ta (25nm/10nm) thin films on oxidized silicon reduced at 500 C (2 h) 

and 650 C (1 h): composition of particles, and areas in-between particles. (§: relative error 20%). 

Table 1 shows that particles formed at 650 ºC (1 h) have ca. 5% higher Ni 

content than after treatment at 500 ºC (2 h), in agreement with AFM data (not shown) 
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which show taller particles for the former treatment (but with a smaller diameter, as 

based on top-view SEM images). Because a constant acceleration voltage of 15 keV 

was used in all EDX measurements, a fixed penetration depth of ca. 3 μm can be 

assumed, so that it is clear that in case of taller Ni particles, less signal will be 

obtained from the silicon and oxide underneath.  

The particle size distribution for samples reduced at 650 ºC (1 h) is analyzed in 

detail (Figure 3). A 10 nm Ni film without Ta yielded smaller particles with a much 

sharper size distribution (average particle size 55 nm) and a 10 times higher surface 

density than a 25 nm Ni film without Ta (average particle size 140 nm). A similar 

difference was found between the 25 nm Ni without or with Ta, where ca. 230 

particles (per unit area) with broad size distribution and ca. 3000 particles with small 

size distribution (average particle size 56 nm) were found, respectively. The size 

distribution on 10 nm Ni is fairly similar to 25 nm Ni/10 nm Ta: the presence of Ta 

indeed influences dewetting of Ni. No significant differences were found for 

nanoparticles on fused silica or oxidized silicon. 

 

Figure 3: Particle size distributions of Ni thin films reduced at 650 C for 1 h. 
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3.3.2 CNF growth on pretreated samples 

Oxidized silicon and fused silica samples containing Ni thin films exposed to 

different pretreatment atmospheres at 650 ºC (1 h) were subjected to the CNF 

synthesis process, as described in the experimental section, the results of which are 

shown in Figure 4. As expected from the particle results above, no differences were 

found between fused silica and oxidized silicon as substrate material.  

 

Figure 4: SEM-images of Ni thin films on oxidized silicon after pretreatment (650 ºC, 1 h), 

showing the influence of pretreatment atmosphere and synthesis time on CNF growth. All images 

have the same scale, i.e. each image represents a sample area of 7.0 µm × 4.7 µm (the scale bars 

are 1 μm). 

The images reveal no notable difference between vacuum-pretreated samples 

exposed to 0.5 min CNF synthesis (Figure 4) and samples only pretreated in vacuum 

(Figure 1), independent of the thin film configuration. Moreover, after 0.5 min CNF 

growth on none of the vacuum-pretreated samples traces of carbon were measured 

with Raman spectroscopy or EDX. On the contrary, after 1 min growth the surface of 

a 10 nm Ni film was uniformly covered with many white dots, which turned out to be 
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amorphous carbon. For a 25 nm thick Ni layer and a 25 nm Ni/10 nm Ta layer 

combination these dots were also clearly visible, but their density was lower while 

their diameter was larger. A CNF synthesis time of 3 min resulted in homogeneous 

coverage of the metal surface with an amorphous carbon coating (C-coating). In the 

absence of a Ta layer this C-coating was continuous and prohibited the growth of 

CNFs, while in the presence of Ta the amorphous carbon layer was porous (spongy) 

which allowed scarce growth of thin and short fibers (visible as tiny white strikes in 

Figure 4). 

The morphological appearance of nitrogen-pretreated 10 nm and 25 nm Ni 

films subjected to a CNF growth time of 0.5 min were nearly identical to the images 

in Figure 1, except that a thin coating was present on the surface. The presence of Ta 

underneath the 25 nm Ni film resulted in a thicker, continuous amorphous carbon 

layer with some hillocks (Figure 4), of which the height seemed to increase for a 

growth-time of 1 min. For a 10 nm Ni film, the latter growth time resulted in the 

formation of spherical and rock-shaped metal particles covered with a thin carbon 

layer. Compared to nitrogen pretreatment only, significant dewetting of the film 

occurred during this 1 min growth step. The morphology of the resulting particles was 

similar to the appearance of a 25 nm Ni film pretreated in H2 (see Figure 1), but with 

a smaller feature size. In contrast, a nitrogen-pretreated 25 nm Ni film subjected to     

1 min CNF growth did not show more dewetting, but was covered with a dense, 

continuous carbon layer. For the latter case it is concluded that the Ni film was too 

thick to accomplish dewetting within a period of 1 min CNF growth. For both 10 nm 

Ni and 25 nm Ni, a growth time of 3 min resulted in a dense, continuous amorphous 

carbon layer on the surface of the particles (10 nm Ni) or the film (25 nm Ni), which 

obstructed the growth of fibers. In case of Ni/Ta exposed to a growth time of 3 min, 

the amorphous carbon layer formed during the first minute of CNF growth had 

become discontinuous, and a small number of hillocks turned out to be nucleation 

sites for CNFs (Figure 4). 

On samples pretreated with air, a CNF synthesis time of 30 s yielded a rather 

thick, homogeneous but porous C-coating on 10 nm Ni and 25 nm Ni, and a thick 

conformal C-coating on 25 nm Ni/10 nm Ta (Figure 4). This amorphous C-coating 

was relatively thick compared to C-layers formed on vacuum and nitrogen-pretreated 
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samples exposed to the same CNF synthesis procedure. Whereas for a growth time of 

0.5 min no CNFs were observed, for all air-pretreated thin film configurations 

synthesis times of ≥ 1 min resulted in excessive CNF growth.[44,45] However, the 

resulting CNF "carpets" were not attached to the substrate material.[14]  

When exposed to a CNF growth time of 0.5 min, on all hydrogen-pretreated 

samples a thin C-coating was visible on only the surface of the particles: individual 

particles were clearly recognizable, but these were covered with a thin amorphous 

carbon layer. In contrast to air-pretreated CNF-grown samples, after 30 s of CNF 

growth the hydrogen-pretreated Ni films had no conformal C-layer covering the 

particles and the areas between the particles (Figure 4). For a CNF synthesis time of 1 

min, on 10 nm Ni and 25 nm Ni the thickness of the C-layer seemed to be somewhat 

thicker compared to the layer after 0.5 min CNF growth, and for the 25 nm Ni sample 

1 min of CNF synthesis also resulted in the appearance of small white spots in the C-

coating. For 0.5 and 1 min CNF growth time the presence of 10 nm Ta underneath 25 

nm Ni resulted in coverage of the particles with carbon hillocks (visible as gray 

"balls" in Figure 4). Absence of Ta resulted in release of Ni thin films from the 

substrate for a synthesis time of 3 min, while on the hydrogen-pretreated Ni/Ta film 

well-attached CNFs were visible after this growth time (Figure 4). The CNFs were 

distributed homogeneously on the surface of the sample, randomly oriented, and 

grown according to tip-type mode.[14] The Ta layer is recognizable as a continuous 

spongy network underneath the fiber-layer (see inset Figure 4). Moreover, it can be 

seen that the CNFs had their origin in carbon-coated Ni-particles. The thickness and 

morphology of this C-layer can be altered by adding hydrogen to the ethylene  

mixture,[15] which also influences the growth rate of CNFs.  

Based on HR-SEM images the diameter of the fibers was in the range 15-40 

nm, which shows good correlation with the particle size distribution after reduction 

(Figure 3). The majority of the Ni particles had a diameter below 80 nm. It is 

concluded from our results that, for the explored experimental settings on Ni/Ta, 

spherical nanoparticles with a diameter below 80 nm are a requisite for fast, i.e. within 

3 min, initiation of CNF growth. The CNF diameter range in this work is close to, but 

a little lower, than the range of 20-50 nm reported earlier for Ni/Ta films with an 

identical as-deposited thickness,[14] the difference being most likely a consequence of 
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a different hydrogen-pretreatment step (1 h at 650 ºC vs. 2 h at 500 ºC) and CNF 

synthesis temperature (635 ºC vs. 700 ºC). As was shown above, a 2 h-500 ºC 

pretreatment yields larger Ni-nanoparticles than a 1 h-650 ºC pretreatment, while it is 

also known that at higher synthesis temperatures CNFs will also grow on larger 

nanoparticles (See Section 3.1\Paragraph 2).  

The ratio ID/IG of the relative intensities of the D-band and G-band from the 

first-order Raman spectrum is traditionally used as an indicator for the degree of 

graphitization and alignment of fibers.[46,47] For hydrogen-pretreated Ni/Ta samples 

exposed for 3 min to the CNF synthesis procedure this ratio was found to be 1.25. 

Such a value indicates the presence of interstitial defects or quasi-crystalline platelet 

nature of the CNF layer.[48] Hydrogen-pretreated Ni/Ta samples subjected to longer 

CNF synthesis times, viz. 10, 30 and 60 min, had an ID/IG-value of 1.20 ± 0.05, which 

shows that the properties of the CNFs are stable throughout the thickness of the CNF 

layer. Nearly similar values were found for Ni/Ta samples (25 nm/10 nm) that were 

hydrogen-pretreated at 500 ºC (2 h) followed by 1 h CNF growth at 700 ºC (use of 

identical ethylene mixture).[14] 

3.4 Conclusions 

In this work the influence of the pretreatment atmosphere and temperature on 

the dewetting of as-deposited continuous Ni thin films on oxidized silicon and fused 

silica and subsequent exposure of the samples to a TC-CVD CNF synthesis procedure 

was studied. For a pretreatment temperature of 650 ºC (1 h) in vacuum, air, nitrogen 

or hydrogen atmospheres only the latter results in the formation of separate 

nanoparticles. The use of an adhesion layer of 10 nm Ta underneath the Ni layer 

influences (i.e. accelerates) the dewetting process of Ni, and it is found that the 

thermal budget significantly influences the nanoparticle size distribution resulting 

from the reduction step. EDX-analysis shows that the particles are composed of Ni. 

No difference in Ni dewetting behavior is found between oxidized silicon and fused 

silica substrates. In case of reduced 25 nm Ni/10 nm Ta the diameter of the resulting 

nanoparticles has a sharp size distribution with an average of 56 nm.  
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On Ni thin film samples pretreated in vacuum or nitrogen and exposed to the 

CNF synthesis procedure, amorphous carbon layers are formed on metallic surfaces 

that are not completely dewetted into nanoparticles. Depending on the CNF growth 

time and the absence/presence of Ta, the carbonaceous layers are continuous (and 

conformal) or porous (spongy), resulting in hardly any or scarce growth of CNFs. In 

case of air-pretreated Ni samples, severe release of CNF carpets from the substrate 

occurs for CNF synthesis times of at least 1 min. It is concluded that pretreatment of 

Ni thin films in vacuum, nitrogen or air should not be performed when well-attached 

homogeneous layers of CNFs are desired. Good results are only obtained on reduced 

Ni films with an adhesion layer of Ta, giving homogeneously distributed, randomly-

oriented, well-attached and semi-crystalline CNFs within 3 min synthesis time. The 

diameter of these fibers is in the range 15-40 nm, which shows good correlation with 

the particle size distribution after reduction. Absence of the adhesion layer results in 

the formation of nanoparticles of several hundreds of nanometers diameter on which 

an amorphous carbon layer is deposited but no CNFs grow for synthesis times up to 3 

min. It is found that small spherical nanoparticles with a diameter below 80 nm are a 

necessity for fast initiation of CNF nucleation and growth. For the conditions explored 

in this work this is only the case for reduced (650 ºC, 1 h) films composed of e-beam 

evaporated Ni (25 nm) and Ta (10 nm). 
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A Raman and infrared study of carbon nanofiber growth1 

 

Abstract 

The growth of carbon nanofibers on 

hydrogen-pretreated oxidized silicon 

substrates for different synthesis times using 

ethylene and an ethylene/hydrogen mixture 

as hydrocarbon sources is studied using 

Raman and infrared spectroscopy, high 

resolution scanning electron microscopy 

and Helium ion microscopy. 

 

 

 

 

 

                                                 

1 In preparation for journal submission as “A Raman and infrared study of carbon nanofiber growth” by 
H. Nair, G.R. Cruellas, R.M. Tiggelaar, L. Lefferts, A. van Houselt. 

 

 
Chapter 

1 µm 



Chapter 4 

48 

4.1 Introduction 

The growth of CNFs by thermal catalytic chemical vapor deposition (TC-

CVD) is claimed to be a solution-diffusion-precipitation process that generates 

graphitic carbon.[1]  In the present study ethylene and an ethylene/hydrogen mixture is 

used as a hydrocarbon source and a thin Ni layer as the growth catalyst. In our case 

the ethylene molecules decompose at the surface of the Ni nanoparticle, and carbon 

atoms dissolve into the Ni, forming a solid solution, from which upon super-saturation 

graphite layers nucleate at the nanoparticle surface by diffusion-driven     

precipitation.[2-4]  The effect of nanoparticle size and synthesis temperature on CNF 

nucleation and growth are investigated in chapter 3. In the present chapter we 

evaluate the growth in the initial stages of CNF growth on hydrogen pretreated Ni thin 

film samples by means of electron and ion microscopy and Raman and infrared 

spectroscopy. On the basis of the results found in chapter 3, samples of 10 nm Ni,   

25 nm Ni and 25 nm Ni on 10 nm Ta, all on 250 nm SiO2 were selected for a 

comparative study. 

4.2 Experimental Methods 

4.2.1 Preparation of nickel thin films on oxidized silicon substrates 

Silicon (Si; (100)-orientation, p-type, single-side polished, 100 mm diameter, 

525  25 µm thickness, resistivity 5-10 Ω.cm; Okmetic, Finland) was used as the 

support material for the carbon nanofiber (CNF) growth catalysts in this study. A   

250 nm thick layer of SiO2 was grown on the Si wafer via wet oxidation (45 min, 

1000 ºC). By standard UV-lithography, a pattern was defined in spin-coated 

photoresist (Olin, 906-12), resulting in unmasked squares of 8 mm × 8 mm. 

Subsequently metal thin films were deposited via electron-beam evaporation, 

resulting in three different sample classes: 10 nm Ni on SiO2/Si(001), 25 nm Ni on 

SiO2/Si(001) and 25 nm Ni on 10 nm Ta on SiO2/Si(001). After the thin film Ni-

catalyst deposition, an ultrasonic lift-off step in acetone ( > 20 min; VLSI 100038, 

BASF) was performed, followed by further rinsing and spin drying. Finally, the 

nickel-coated Si substrates were diced into samples of 1 cm × 1 cm (Disco DAD-321 
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dicing machine). Further details of the sample fabrication procedure can be found 

elsewhere.[5-7]  

4.2.2 Synthesis of CNFs on Ni-coated oxidized silicon substrates 

Prior to CNF synthesis, the substrates were ultrasonically cleaned in acetone 

(10 min, Branson 200 ultrasonic cleaner) and de-ionized water (5 min, 25 ºC) to 

remove organic contaminants, followed by drying with pressurized technical air.  

For CNF synthesis, the substrates were placed centrally on a flat quartz boat 

inside a quartz reactor and the temperature was increased in nitrogen (N2; 99.999%, 

INDUGAS) to 500 ºC (5 K.min-1). At this temperature the substrates were subjected 

to an in-situ reduction pretreatment for 2 hours (20 vol.% of hydrogen; 99.999%, 

INDUGAS, in N2 at a total flow rate of 50 ml.min-1), in order to dewet the continuous 

as-evaporated thin Ni-film into Ni nanoparticles which is a prerequisite for catalytic 

CNF-growth.[6] Subsequently the temperature was increased in N2 (5 K.min-1) to the 

CNF-synthesis temperature (635 ºC). CNF-synthesis was performed by thermal 

catalytic chemical vapour deposition of 25 vol.% ethylene (C2H4; 99.95% 

PRAXAIR), with and without addition of 6.25 vol.% H2, in N2 (total flow rate        

100 ml.min-1) for various growth times (ranging from 0.5 to 60 minutes). 

Subsequently the samples were cooled down in N2 (10 K.min-1) till room temperature.  

A schematic cross sectional representation of the three types of CNF substrates 

used in this study is shown in Figure 1.  

 

Figure 1: Schematics of the oxidized silicon substrates with catalyst layer thicknesses of (a) 10 nm 

Nickel, (b) 25 nm Nickel, and (c) 25 nm Nickel on top of 10 nm Tantalum. 

Thus the synthesis parameters varied in this study are: i) the use of ethylene or 

ethylene/hydrogen as hydrocarbon source and ii) the synthesis time (0.5 - 60 min). 

The synthesis temperature was kept constant at 635 ºC. The as-obtained samples were 
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studied by high resolution scanning electron microscopy (HR-SEM) and Helium ion 

microscopy (HIM) and Raman and infrared spectroscopy. 

4.2.3 SEM & HIM Imaging 

The synthesized CNF-layers were investigated using high-resolution scanning 

electron microscopy (HR-SEM; LEO 1550) and Helium ion microscopy (HIM, ultra-

high vacuum (UHV) Orion Plus HIM from Zeiss, equipped with an Everhardt-

Thornley detector for secondary electron detection and a micro-channel plate, situated 

below the last lens just above the sample, for the qualitative analysis of backscattered 

helium[8] to determine the presence and morphology of CNFs as well as their 

uniformity in coverage (top view images). Cross-sectional SEM images were used to 

determine the thickness of the CNF-layers, and their adhesion to the silicon support.  

4.2.4 Raman Spectroscopy 

The as-synthesized CNF samples were investigated using a Senterra Raman 

microscope spectrometer (Bruker Optics) equipped with an Olympus BX51 

microscope and a Peltier cooled CCD detector, using an excitation wavelength of   

532 nm (10 mW), a 50 x objective lens, with a numerical aperture of 0.75, leading to a 

spot diameter of ~0.9 μm and power irradiance of ~1.6 mW.μm-2. The spectra were 

recorded at room temperature by averaging 10 individual spectra recorded per 

position on the sample with an accumulation time of 2 seconds each with a resolution 

of 3-5 cm-1. Spectra from five different sample positions were averaged to account for 

the heterogeneities in the sample. Before and after recording the spectra the samples 

were visually checked for damage due to the exposed power density. All spectra were 

background and baseline corrected and normalized with respect to the Si 520 cm-1 

peak.  

4.2.5 Infrared Spectroscopy 

Transmission infrared (IR) spectra of the as-synthesized CNF substrates were 

recorded using a FTIR spectrometer (Tensor 27, Bruker Optics) with a MCT D316/6-

L detector with a resolution of 4 cm-1 in the range of 600 to 4000 cm-1. Spectra of the 

corresponding Ni-coated (10 or 25 nm Ni or 25 nm Ni on 10 nm Ta, see Figure 1) 
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oxidised silicon substrates prior to CNF growth were used as background. All spectra 

were shown baseline corrected. 

4.3 Results and Discussion 

4.3.1 SEM & HIM Imaging 

We first describe the observations made by using SEM and HIM imaging 

techniques. Figure 2 shows cross-sectional SEM images of 10 nm Ni (Figure 2a-e), 

25 nm Ni (Figure 2f-j) and 25 nm Ni/ 10 nm Ta (Figure 2k-o) substrates after growth 

in ethylene for 0, 0.5, 1, 3 and 60 min growth time. 

 

Figure 2: SEM-images after 0, 0.5, 1, 3 and 60 min of CNF growth on substrates with 10 nm 

Nickel [(a)-(e)], 25 nm Nickel [(f)-(j)], and 25 nm Nickel on top of 10 nm Tantalum [(k)-(o)]. 
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Figure 3: Cross-sectional SEM-images of 10 nm Ni [Figs. 3(a)-(h)], 25 nm Ni [Figs. 3(i)-(p)] and 

25 nm Ni/ 10 nm Ta [Figs. 3(q)-(x)] substrates after growth in the ethylene/hydrogen mixture for 

0.5, 1, 3, 5, 7, 10, 15 and 60 min growth time. 
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On all substrates the thin Ni film has fragmented into small particles, which in 

the case of the 10 and 25 nm Ni layers are covered by a “carpet” layer for the initial 

growth times, see for instance, Figure 2a, b and g, while this layer is absent after 60 

minutes growth, see Figure 2e and j. On the 25 nm Ni/10 nm Ta sample there is no 

carpet layer observed. After 60 minutes of growth time on all samples a CNF layer is 

observed, with layer heights of ~1 µm for the 10 and 25 nm Ni sample, while for the 

25 nm Ni/ 10 nm Ta sample the layer height is ~ 3.7 µm.  

Figure 3 shows cross-sectional SEM images of 10 nm Ni (Figure 3a-h),     25 

nm Ni (Figure 3i-p) and 25 nm Ni/10 nm Ta (Figure 3q-x) substrates after growth in 

the ethylene/hydrogen mixture for 0.5, 1, 3, 5, 7, 10, 15 and 60 min growth time. 

Addition of hydrogen to the growth mixtures results clearly in a faster growth rate, 

since already in the first minutes CNF growth can be observed resulting in CNF layers 

of a few micrometers in height after 7 min growth, to layers of several tens of 

micrometers after an hour growth. A remarkable difference in the first few minutes of 

growth can be observed between the 10 / 25 nm Ni samples on one hand and the 25 

nm Ni on 10 nm Ta sample on the other hand. For the former samples a distinct thin 

layer is observed on top of the CNFs for 1 – 7 minutes of growth time, see Figure 3b-

e and j-m, while such a layer is clearly absent for the corresponding growth times of 

the latter sample, Figure 3r-u. This thin layer is flexible; since it easily stretched 

without breaking apart, see Figure 3j and k. In addition, it is obviously thin, as it is 

almost transparent for the secondary electrons which form the SEM images, see 

Figure 3b-e and j-m. 

What exactly is this layer and why is it only observed for the 10 / 25 nm Ni 

layers and not for the sample with Ta? In an attempt to answer this questions Helium 

ion microscopy was performed as well as Raman (see section 4.3.2) and infrared 

spectroscopy (see section 4.3.3). Helium ion microscopy exhibits a high surface 

sensitivity, in particular for thin carbon layers.[9]  Figure 4 shows HIM images 

(obtained using an acceleration voltage of 15 kV) of a 25 nm Ni sample after              

7 minutes growth time in an ethylene/hydrogen mixture. The secondary electron 

image, displayed in Figure 4a, reflects the surface morphology very accurately due to 

the small escape depth of the secondary electrons. Figure 4b displays a 

simultaneously recorded image of the backscattered helium. Dark areas in this image 
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correspond to light elements (having a low backscatter probability), while bright areas 

correspond to heavy elements (with a high backscatter probability). In Figure 4a 

indeed the thin layer is clearly observable, while in Figure 4b the thin film isn’t 

clearly visible and both rod-like and more spherical white particles (the Ni particles 

from which the CNFs grow) are visible. From this comparison it is evident that the 

thin film is comprised of light element, most likely carbon. 

 

 

Figure 4: HIM-images of 25 nm Ni sample after 7 minutes of growth in an ethylene/hydrogen 

mixture. (a) displays the secondary electron image, (b) the backscattered helium image. 

4.3.2 Raman spectroscopy 

To verify the hypothesis that the thin layer is comprised of carbon, Raman and 

IR spectroscopy was performed. Figure 5 displays Raman spectra of the 10 nm Ni 

(Figure 5a and d), 25 nm Ni (Figure 5b and e) and 25 nm Ni/10 nm Ta (Figure 5c 

and f) substrates after growth in an ethylene (Figure 5a-c) or in an ethylene/hydrogen 

mixture (Figure 5d-f), for the indicated growth times. All the spectra are normalized 

w.r.t. the Si 520 cm-1 peak, thus reflecting changes in the composition and structure of 

the top layers of the samples.  

In all the spectra in Figure 5 the characteristic Si peaks at 300, 518 and 942-    

980 cm-1 are observed.[10]  In addition, for t > 0, in all the spectra the characteristic 

bands for graphitic carbon are observed, confirming the presence of carbon in all 

samples for t > 0. We discuss the most prominent ones shortly, following the relevant 

500 nm

A
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literature.[11-13]  In the first order part of the spectrum, up to ~ 1800 cm-1, where one 

photon is scattered, the G band around 1580 cm-1 and the D band around 1350 cm-1 

are clearly observed in all spectra. The G band with its physical origin in the 

excitation of an optical phonon mode with E2g symmetry, which is active in 

unperturbed graphite planes[11] is a clear indication of the presence of sp2 hybridized 

carbon, while the D band, which is associated with the in- plane breathing mode of the 

carbon hexagonal ring with A1g symmetry, is only observed in defected and 

nanocrystalline graphitic materials.[14] The integrated intensity ratio of the D and G 

band, which is widely used as figure of merit for the defect quantity of graphitic 

materials isn’t analysed in detail here. In addition, a longitudinal optical phonon mode 

(LO) is observed in between the D and G band, around 1450 cm-1, which in the 

spectra in Figure 5 is not visible as a separate peak, but as variation in the height of 

the “valley” between the D and G band. The physical origin of the shoulder observed 

~1125 cm-1 is not precisely known. It could be related to the presence of sp3 

hybridized carbon.[15, 16] 

 In the second order part of the spectrum, where two phonons are used for 

excitation, clear peaks are observed around 2330, 2455, 2627, 2651, 2685, 2930 and 

3215 cm-1. Not all this signals are related to carbonaceous material. The peak 

observed at 2329 cm-1 originates from the Raman mode of N2 gas, which is present in 

the air surrounding the sample.[17]  The peak at 2455 cm-1, which is most prominent in 

the 60 min growth samples in Figure 5a-c, is most likely a combination of the 

shoulder at ~1125 cm-1 and the D band[18].  The origin of the 2651 cm-1 and the     

2627 cm-1 signal, which is only observed at short growth times [till 3 min in Figure 

5a-c and e, till 1 min in Figure 5f and absent in Figure 5d is not precisely known. We 

are not aware of any studies observing this peak in carbon samples. Most likely it 

should be attributed to a form of silicon carbide.[19]  The peaks at ~2700, ~2900 and 

~3200 cm-1 are the overtones of the D band, the LO mode and the G band, 

respectively (note indeed the correlation in intensity between the peak ~2700 cm-1 and 

the height of the valley between the D and G band in the first order part of the 

spectrum). Note that in all samples the intensity of the 2D band at ~2700 cm-1 after 60 

minutes growth time is significantly higher than for the lower growth times.  This 2D 
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band is reported to be structure sensitive and can provide information related to 

tortuosity and crystalline nature of materials.[12]  

 

Figure 5: Raman spectra of the 10 nm Ni [(a) and (d)], 25 nm Ni [(b) and (e)] and 25 nm Ni/10 nm 

Ta [(c) and (f)] substrates after growth in ethylene [(a)-(c)] or in an ethylene/hydrogen mixture 

[(d)-(f)]. For each spectrum the corresponding growth time is indicated.  
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A peak ~4250 cm-1 is observed in the 60 min samples. This peak is mostly 

clearly present in the samples grown with ethylene only (Figure 5a-c). This band was 

also observed in HOPG and was assigned as 2D + G overtone.[19,20]  Although clearly 

a more profound analysis of the here described Raman spectra is needed, some 

remarks about the growth of CNFs and the observed layer can be made here. Firstly, 

since in all Raman spectra clear graphitic carbon signals are observed, it’s very likely 

that the observed layer is indeed comprised of carbon. Second, there is no obvious 

difference between the Raman spectra from the 10 / 25 nm Ni samples on the one 

hand versus the spectra from the 25 nm Ni on 10 nm Ta at the other hand. Third, in all 

cases the peaks present at 2627 and 2651 cm-1 hint towards the presence of silicon 

carbides during the initial stages of the growth. 

4.3.3 Infrared Spectroscopy 

Infrared spectra are also obtained to verify the hypothesis that the thin layer is 

comprised of carbon. All the substrates used in this study have silicon as the base 

material. Hence the signal obtained from silicon is used as background for the sample 

spectra in different stages of the CNF growth.  

Figure 6 displays the IR spectra, corrected by a subtraction of the 

corresponding 10 nm Ni, 25 nm Ni or 25 nm Ni/10 nm Ta signal (hence displaying 

difference spectra) for the 10 nm Ni (Figure 6a and d), 25 nm Ni (Figure 6b and e) 

and 25 nm Ni/10 nm Ta (Figure 6c and f) substrates after growth in ethylene 

(Figures 6a-c) or in an ethylene/hydrogen mixture (Figures 6d-f) for the indicated 

growth times.  

From all the peaks observed in Figure 6 we list the most prominent ones 

shortly here and remark that a more profound and detailed analysis of the peak 

intensities is in preparation. 

In all the spectra, the characteristic peak of silicon dioxide is seen around 1095 

cm-1 corresponding to the asymmetric stretching mode of the non-linear Si-O-Si 

quasimolecule with C2 symmetry[21]. Clear differences are observed for the intensity 

of this peak, compare Figures 6a and d at one hand, where this peak is negative to 

Figures 6b/c and e/f at the other hand where this peak is positive.  
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Figure 6: Infrared spectra of the 10 nm Ni [(a) and (d)], 25 nm Ni [(b) and (e)] and 25 nm Ni/10 

nm Ta [(c) and (f)] substrates after growth in ethylene [(a)-(c)] or in an ethylene/hydrogen 

mixture [(d)-(f)]. For each spectrum the corresponding growth time is indicated.  
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A negative peak would imply that SiO2 has disappeared during growth, while 

a positive peak would imply growth of the SiO2 layer. One should, however, bear into 

mind that these spectra are taken at physically different samples, since the reference 

sample is obviously not used for CNF growth. Variations of the thickness of the SiO2 

layer between different samples will hence also show up as variations of the 1095   

cm-1 peak height and are proposed here as the origin of the variations observed for this 

peak in Figure 6. 

A positive peak ~800 cm-1 is visible in all samples (Figure 6a-f), irrespective 

of substrate type or reaction mixture combination. This peak intensity was nearly 

similar (~0.05) for 10 nm Ni (Figure 6a and d) and 25 nm Ni-10 nm Ta (Figure 6c 

and f) while slightly greater (~0.1) in 25 nm Ni-E (Figure 6b), especially for 3 min 

and for 1 min and 3 min with ethylene/hydrogen (Figure 6e) and could possibly be 

attributed to the β-SiC[22]. We also observe peaks near 935 cm-1 and a negative peak ~ 

900 cm-1 in all samples. It is reported that the isolated aromatic C-H out-of-plane 

bending can give rise to peaks around 870 cm-1.[23] Peaks around 750 cm-1 could 

possibly originate from Si-CHn (n = 2,3) vibrations. [24] 

A peak ~1585 cm-1 seems to develop in most of the spectra in Figure 6 and is 

especially clear and intense in Figure 6a, c, d and f. Intensity analysis shows that the 

intensity of this peak increases almost linearly with CNF layer thickness indicating 

that this peak arises from CNFs and can be assigned to the aromatic ring stretch of 

carbon skeleton which was also observed around 1570-1580 cm-1 by Ros et.al.[23, 25] 

The peak near 1725 cm-1 was clearly visible in 60 min spectra of 10 nm Ni-E 

(Figure 6a) and in 25 nm Ni/10 nm Ta-E & EH (Figure 6c and f). In 25 nm Ni/10 

nm Ta samples, this peak intensity increased with an increase in growth time and was 

proportional to the CNF layer thickness. Ros et. al. observed this peak around 1717-

1712 cm-1 in CNFs and assigned it as the C=O stretching vibration from lactone, 

ketone (carbonyl) or carboxylic groups, or any surface oxygen complexes, which can 

be present in CNFs.[23-28] 

A group of three peaks at 2855, 2923 and 2960 cm-1 were clearly visible in the 

25 nm Ni/10 nm Ta – E and EH samples: ethylene-grown CNFs showed this signal at 

3 min and 60 min (see Figure 6c), ethylene-hydrogen grown CNFs showed these 
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peaks from 0.5 to 60 min (Figure 6f). The intensity of these peaks was proportional to 

the increasing CNF layer thickness indicating that these peaks originate from CNFs. 

The CH2/CH3 stretching vibrations can lead to the peaks around 2850 (symmetric 

vibration of CH2), 2925 (antisymmetric vibration of CH2) and 2960 cm-1 

(antisymmetric stretching vibration of CH3). [23] These peaks are attributed to the 

partial conversion from sp2 to sp3-hybridized carbon forming C-H bonds as a result of 

interaction between hydrogen and carbon on  the edges of CNFs (sp2 and sp3 bonded 

carbon at 2960 and 2855/2923 respectively). [23, 29-31] Remarkably this trio of peaks is 

most intense in the samples with Ta (compare Figure 6c and f with the others), in 

which case we didn’t observe the “carpet” layer in the SEM and HIM images.  

In short, in the IR spectra shown in Figure 6, certainly CNF related signals 

can be observed and a higher amount of sp3 hybridized carbon seems to be present in 

the samples without a “carpet” layer. More profound analysis is however needed to 

relate the microscopic and spectroscopic data conclusively.  

4.4 Conclusions 

In this chapter, we studied the growth of CNFs on 10 nm Ni, 25 nm Ni and   

25 nm Ni/10 nm Ta on oxidized silicon substrates. SEM images show the presence of 

a “carpet” layer, especially at shorter growth time on 10 nm Ni and 25 nm Ni, 

whereas this is completely absent in 25 nm Ni/10nm Ta, probably due to the 

dewetting properties of tantalum. HIM confirms that the “carpet” layer is made up of 

a light element, like carbon. Presence of characteristic signals of carbon in the Raman 

spectra and Infrared spectra are also in accordance with an interpretation that the 

carpet layer is comprised of carbon. 10 nm Ni and 25 nm Ni behaved similarly as 

evidenced from the SEM images and the observed similarity in Raman and IR spectra. 

In addition, from the Raman spectra we suspect that silicon carbide is present in all 

samples. Addition of hydrogen enhanced the CNF growth and initiated faster 

nucleation and growth even in shorter growth times resulting in intense carbon signals 

in corresponding Raman and IR spectra.  
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5 

Evidence of wettability variation on carbon nanofiber 

layers grown on oxidized silicon substrates1  

Abstract 

This chapter describes how layers of carbon nanofibers 

(CNFs) with controllable wettability can be synthesized 

by means of thermal catalytic chemical vapour 

deposition on nickel-based thin films on oxidized silicon 

supports. To achieve well-adhesive CNF-layers with a 

uniform surface coverage and tunable wettability 

without the necessity of post-synthesis treatments, a 

series of synthesis parameters is investigated: the 

pretreatment atmosphere (hydrogen or oxygen; 2 h, 500 

°C), the use of ethylene (C2H4) or an ethylene/hydrogen (C2H4/H2) mixture as hydrocarbon 

source, and the growth time (in the range 5-60 min).Fast and uniform CNF-growth is found 

on reduced Ni-based thin films using C2H4/H2 at a synthesis temperature of 635 °C. The CNF-

layers on Ni are superhydrophobic or highly hydrophobic for all growth times, but their 

adhesion to the support is poor for growth times > 30 min. In contrast, the adhesion of CNF-

layers on Ni/Ta is excellent. Moreover, the wettability of these as-synthesized CNF-layers can 

be controlled by variation of the growth time: from superhydrophobic (≤ 10 min) to 

hydrophilic (≥ 50 min). CNF-layers with such tunable wettability can be easily integrated in 

flow channels of silicon-based microfluidic systems, thereby offering numerous applications. 

                                                 

1 This chapter is published as “Evidence of wettability variation on carbon nanofiber layers grown on 
oxidized silicon substrates” by H. Nair,  R. M. Tiggelaar, D. B. Thakur, J. G. E. Gardeniers,  A. van 
Houselt, L. Lefferts, Chemical Engineering Journal, 2013, 227, 56. 
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5.1 Introduction 

Surface wettability is of key importance in a myriad of applications.[1-7] 

Especially hydrophobic surfaces are both technologically[4-7] and fundamentally[8,9] 

interesting. Superhydrophobic surfaces (contact angle > 150) have been used to 

enhance mixing and drug delivery[2]. Other applications of hydrophobic layers are 

self-cleaning surfaces,[3] anti-freezing surfaces,[4] slip enhancement[5,6] and their use 

for efficient catalytic multiphase microreaction technology.[7] Wetting (hydrophilic) 

surfaces obey the no-slip boundary conditions, whereas non-wetting (hydrophobic) 

surfaces exhibit apparent slip of the order of microns.[8]  

The aspect of reducing drag at the liquid-solid boundary is of importance for 

the efficiency of microfluidic systems. Mass transport in microfluidic devices, 

systems comprising enclosed flow channels with a high surface-to-volume ratio, is 

heavily influenced by viscous forces, that are mainly determined by the properties of 

the liquid-solid interface. When the solid has a water wetting surface, the linear 

velocity of the fluid at the interface is reduced to zero, resulting in a stagnant fluid 

layer, and consequently high energy dissipation. When the solid has a hydrophobic 

surface, the linear velocity of the fluid at the interface will be non-zero, which, in turn, 

will lower the energy dissipation due to drag.  

Superhydrophobic surfaces (and to a less extent hydrophobic surfaces) 

combine a micro-structured surface with a low surface energy.[9] In general, 

microstructures can be obtained by lithography,[10] etching, electro-spinning, 

electrochemical reactions and sol-gel processing,[11] particle deposition,[12] or 

chemically grown carbonaceous nanostructures.[13] These nanostructures can, based 

on their geometry, be classified as carbon nanotubes (CNTs) or CNFs. Single or 

multi-walled CNTs are formed by one or more concentrically rolled graphene 

sheet(s), thus forming mainly straight hollow cylinders. When the graphene sheets 

have an angle with respect to the main axis the resulting structures are CNFs. CNTs 

and CNFs can grow in two orientations with respect to their support: parallel aligned 

(‘straight’), or randomly-oriented (‘entangled’).[14] 

In order to achieve superhydrophobicity, usually aligned CNTs (aCNTs) are 

chemically modified after synthesis, for example by coatings of fluoroalkylsilanes or 
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thiols.[15-18] In a few cases, superhydrophobicity of pristine aCNTs is reported,[19-22] 

and for CNFs superhydrophobicity of as-grown structures is rarely reported.[23-25]  

 Goal of this work is to fabricate CNF-layers on Ni-based thin film coatings on 

oxidized silicon supports that have good adhesive properties, uniform surface 

coverage and tunable wettability without any post-synthesis treatment, and thus could 

be integrated in microfluidic devices. The method used is thermal catalytic chemical 

vapour deposition (TC-CVD), and a series of synthesis parameters is systematically 

varied. The TC-CVD growth settings are applied to different nickel configurations, 

i.e. 10 nm Ni, 25 nm Ni, and 25 nm Ni/10 nm Ta. The parameters that are studied are 

the pretreatment atmosphere (hydrogen or oxygen; 2 h, 500 ºC), the use of ethylene 

(C2H4) or ethylene/hydrogen (C2H4/H2) as hydrocarbon source (synthesis temperature 

635 ºC), and the growth time (in the range 5-60 min). By varying the growth time on 

reduced Ni/Ta on oxidized silicon, we show that the wettability of well-adhesive, as-

synthesized CNF-layers (635 ºC, C2H4/H2) can be tuned from superhydrophobic to 

hydrophilic. 

5.2 Experimental Methods 

5.2.1 Preparation of nickel thin films on oxidized silicon substrates 

On silicon substrates ((100)-orientation, p-type, single-side polished, 100 mm 

diameter, 525  25 µm thickness, resistivity 5-10 Ω.cm; Okmetic, Finland) a 250 nm 

thick SiO2 layer was grown via wet oxidation (45 min, 1000 ºC). By means of 

standard UV-lithography a pattern was defined in spin-coated photoresist (Olin, 906-

12), resulting in unmasked squares of 8 mm × 8 mm onto which nickel-based thin 

films were deposited via electron-beam evaporation. Three different compositions 

were evaporated: 10 nm nickel (Ni), 25 nm Ni and 25 nm Ni on 10 nm tantalum (Ta). 

Post to metal deposition, an ultrasonic lift-off step in acetone (>20 min; VLSI 100038, 

BASF) was performed, followed by further rinsing and spin drying. Finally, the 

nickel-coated substrates were diced into samples of 1 cm × 1 cm (Disco DAD-321 

dicing machine). Details of the sample fabrication procedure can be found 

elsewhere.[26] 



Chapter 5 

66 

5.2.2 Synthesis of CNFs on Ni-coated samples 

Prior to CNF synthesis, the nickel-based thin film samples were ultrasonically 

cleaned in acetone (10 min, Branson 200 ultrasonic cleaner) and de-ionized water     

(5 min, 25 ºC) to remove organic contaminants, followed by drying with pressurized 

technical air.  

For CNF synthesis, samples were placed centrally on a flat quartz boat inside a 

quartz reactor and the temperature was increased in nitrogen (N2; 99.999%, 

INDUGAS) to 500 ºC (5 K.min-1). At this temperature the pretreatment was done, in 

order to dewet the continuous as-evaporated thin film into nickel nanoparticles which 

are a requirement for catalytic CNF-growth.[26,27] Two pretreatment environments 

were used: 20 vol.% of hydrogen (H2; 99.999%, INDUGAS) in N2 and 20 vol.% of air 

in N2, both for 2 h at a total flow rate of 50 ml.min-1. After this reduction or oxidation 

pretreatment, the temperature was increased in N2 (5 K.min-1) to the desired CNF-

synthesis temperature (635 ºC). CNF-synthesis was performed by thermal catalytic 

chemical vapour deposition of 25 vol.% ethylene (C2H4; 99.95% PRAXAIR), with 

and without addition of 6.25 vol.% H2, in N2 (total flow rate 100 ml.min-1) for various 

growth times. After the reaction time, the samples were cooled in N2 (10 K.min-1) till 

room temperature. All flow rates are given under normal conditions (ambient 

temperature). Post to synthesis, the samples were characterized without additional 

functionalization of the CNFs.  

Three synthesis parameters were varied in order to obtain the formation of 

well-adhesive CNFs with uniform coverage as well as tunable wettability on the 

surface of oxidized silicon samples with an evaporated nickel-based thin film: i) the 

pretreatment atmosphere (hydrogen or oxygen), ii) the use of ethylene or 

ethylene/hydrogen as hydrocarbon source (at 635 ºC), and iii) the synthesis time (in 

the range 5-60 min). 

5.2.3 Characterization 

The synthesized CNF-layers were investigated using high-resolution scanning 

electron microscopy (HR-SEM; LEO 1550) to determine the presence and 

morphology of CNFs as well as their uniformity in coverage (top view images). 

Cross-sectional SEM images were used to determine the thickness of the CNF-layers, 
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and their adhesion to the silicon support. CNF-layer thicknesses were determined 

based on at least 3 representative images taken from different samples (exposed to 

identical processing). From each SEM-image 10 thickness measurements were 

determined using ImageJ software. The reported values are thus averages of ≥ 30 

measurements, and the standard deviation amounts up to 1.5 µm for the thicker 

samples.  

The adhesion of CNF-layers to the silicon support was also evaluated with 

fluid flows (air and water flows with a linear velocity of 100 m.s-1 for 5 min and         

2 m.s-1 for    1 h, respectively), in combination with weight measurements prior and 

post to these flow experiments (details in Ref. [26]).  

Static contact angles were measured using an OCA contact angle meter (Data 

physics) using high purity milli-Q water (Millipore Synergy® system) at room 

temperature and a relative humidity of ~33%. A computer controlled Hamilton 

syringe (500 µL) was used to inject a droplet of water (3 µL). Droplets were placed on 

at least 5 different locations of each sample (i.e. samples covered with as-evaporated 

Ni, pretreated Ni, and CNF-layers), and the contact angle was determined from an 

elliptical fit through the droplet contour (side view imaging). The reported averaged 

values have a standard deviation of ± 1°. 

5.3 Results and Discussions 

5.3.1 Influence of pretreatment atmosphere on CNF synthesis 

SEM images of CNFs obtained on oxidation-pretreated and reduction-

pretreated samples with 10 nm as-evaporated Ni after a reaction time of 1 hour with 

C2H4 at 635 ºC are shown in Figure 1. These synthesis settings yielded a layer with 

particles of carbon (or carbonaceous species) on the oxidation-pretreated sample (see 

Figure 1a), whereas on the reduction-pretreated sample CNFs (visible as wormlike 

features in Figure 1b) can be seen, which are equally distributed on the nickel 

coating.  

In more detail, the 10 nm Ni sample that was oxidation-pretreated only 

occasionally had fibers (approximately 1 fiber per square micrometer with a diameter 

of ca. 30 nm), and this layer (consisting of carbon and fibers) had a poor adhesion to 
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the surface of the sample, as evidenced by the occurrence of many cracks (inset of 

Figure 1a). The formation of carbon deposits on the oxidation-pretreated 10 nm Ni 

coating is, in accordance with Ref.[28], attributed to catalyst deactivation (coke 

formation). In contrast, reduction-pretreated 10 nm Ni samples were covered with 

many carbon fibers (diameter 30-50 nm). These CNFs were of tip-type growth with 

small nickel particles at the top of each fiber, and the CNFs showed an entangled 

morphology. The adhesion of this CNF-layer was rather poor (see inset Figure 1b: 

partial detachment of the CNF-layer). Clearly, the pretreatment conditions influence 

the dewetting of the 10 nm nickel film, and subsequent CNF nucleation and growth.  

 

Figure 1: SEM-images of samples with 10 nm Ni after 1 h of CNF growth (635 C, C2H4). Panel 

(a) shows a top-view of an oxidation-pretreated sample with in the inset a larger field of view and 

panel (b) shows a top-view of a reduction-pretreated sample with a side-view in the inset. 

SEM images of 10 nm Ni, as well as 25 nm Ni and 25 nm Ni/10 nm Ta after 

oxidation and reduction are shown in Figure 2. The as-evaporated continuous Ni-

layers dewet into nanoparticles during the oxidation or reduction pretreatment. It can 

be seen that the pretreatment atmosphere, the thickness of the nickel layer and the use 

of a Ta adhesion layer influenced the dewetting of the Ni film (in terms of 

nanoparticle size and distribution, see Figure 2). The oxidation-pretreated samples 

appear to be less dewetted than their reduced counterparts (see Figures 2a, 2c, 2e vs. 

Figures 2b, 2d, 2f). Moreover, the thickness of Ni also influences the rate of 

dewetting, as can be seen from Figures 2b and 2d (10 nm Ni and 25 nm Ni; 

reduction-pretreated): thinner Ni-layers dewet faster. Clearly, the presence of a Ta 

adhesion layer favors the formation of nanoparticles (compare Figure 2e with 2c and 

Figure 2f with 2d).  
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Figure 2: SEM-images of Ni-based thin films after oxidation or reduction pretreatment (2 h, 500 

C, O2 or H2): (a) oxidized 10 nm Ni, (b) reduced 10 nm Ni, (c) oxidized 25 nm Ni, (d) reduced 25 

nm Ni, (e) oxidized 25 nm Ni/10 nm Ta and (f) reduced 25 nm Ni/10 nm Ta. 

For all thin films dewetting occurs via nucleation of holes or spinodal 

dewetting, followed by growth of nanoparticles.[29-31] It is known that in an oxygen 

containing annealing atmosphere the interfacial tension between the support and 

nanoparticles is lower,[27] due to formation of NiO at the surface of the nanoparticles. 

This decreases the surface mobility and the dewetting process of the nickel film. 

Under a reducing atmosphere, metals have a weaker interaction with oxidized 

substrates: hydrogen reduces the oxidized metal surface and, as a result the surface 

mobility increases, thereby fastening the dewetting process. Thus, for similar as-
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evaporated thin films dewetting is faster in a reducing atmosphere, as evidenced in 

Figure 2.  

Reduced 10 nm Ni samples (Figure 2b) yielded smaller nanoparticles (with 

spherical or elliptical shape) with a higher areal density compared to 25 nm Ni film 

samples (Figure 2d), which is in agreement with our previous studies and literature. 

In fact, for the used reduction pretreatment conditions the 25 nm Ni did not yet fully 

dewet into nanoparticles (Figure 2d), which is in agreement with other studies.[27] 

The presence of Ta underneath the Ni thin film yielded numerous multifaceted 

nanoparticles: full dewetting of the 25 nm Ni film (Figure 2f). This is because on 

tantalum the surface mobility of nickel is higher, and, hence, the rate of dewetting 

increases on Ni/Ta compared to a Ni film without an adhesion layer.[27] The Ta layer 

can be observed as a continuous ‘spongy’ layer below the Ni particles (Figure 2f). 

Depending on the composition of the as-evaporated thin films and pretreatment 

conditions, the roughness of the as-evaporated films (<2 nm [32]) increases to 60-150 

nm after oxidation or reduction.[27]   

Nickel nanoparticles are a requisite for CNF-synthesis. For samples with 10 

nm Ni, 25 nm Ni and 25 nm Ni/10 nm Ta, these nanoparticles are only formed by 

means of a reduction pretreatment. Indeed, as evidenced in Figure 1, on oxidation-

pretreated Ni-based films nearly no CNF growth has occurred after 1 h synthesis 

(C2H4 at 635 ºC), whereas reduction-pretreatment resulted in CNF-formation, 

independent of the composition of the nickel-based thin film. Cross-sectional SEM 

images of CNFs on reduced 25 nm Ni and 25 nm Ni/10 nm Ta are shown in Figure 3 

(see Figure 1b for 10 nm Ni). 

CNF-layers synthesized on reduced Ni/Ta have the highest CNF yield, i.e. a 

thicker CNF-layer, and excellent adhesion to the silicon support material. In case of a 

25 nm Ni film without Ta, the weaker adhesion results in the removal of CNFs during 

sample preparation for the cross-sectional SEM image in Figure 3b. This is in 

agreement with previous work on fused silica substrates, which are – from the point-

of-view of the composition of the surface on which the Ni-based films are deposited – 

comparable to oxidized silicon.[26] Exposure to fluid flows revealed that CNF-layers 

synthesized on Ni/Ta had excellent adhesion (weight loss of the CNF-layers below 
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6%), whereas CNF-layers on Ni were (nearly) completely flushed away from the 

support material, indicating poor adhesion. The use of a Ta layer ensures an excellent 

adhesion of the synthesized CNF-layers to the support, whereas the roughness of the 

Ni films after pretreatment has no noticeable influence on the adhesive quality. 

Indeed, droplet impact also revealed a difference in adhesion of CNF-layers on Ni/Ta 

and Ni films (see section 5.3.3.).  

 

 

Figure 3: Cross-sectional SEM-images of CNFs grown (1 h, 635 C, C2H4) on (a) reduced 25 nm 

Ni, and (b) reduced 25 nm Ni/10 nm Ta. The insets show top-view images.  

5.3.2 Influence of hydrogen on CNF synthesis 

In Figure 4, SEM images are shown of CNFs synthesized with a reactant 

mixture of C2H4 and H2 (1 h, 635 °C) on 10 nm Ni samples exposed to various 

pretreatment conditions. Addition of hydrogen to ethylene enhances the growth of 

carbon nanofibers, and yields uniform coverage of samples with CNFs. The thickness 

of the CNF-layer has increased with respect to results obtained without H2 (Figure 1). 

This is in agreement with literature: the addition of hydrogen increases the CNF 

formation rate, resulting in the formation of long, thin fibers by slowing down the 

catalyst deactivation.[33,34] It is discussed by Chinthaginjala et. al.[34] that the addition 

of H2 influences the  formation of a CNF layer via 2 effects: 1) H2 addition decreases 

the CNF growth rate on active Ni particles, 2) H2 delays deactivation of nanoparticles 

(i.e. prevents encapsulation of Ni) which might occur due to excess deposition of 

carbon via decomposition of ethylene, thus leading to thicker CNF layers and hence to 

a higher CNF formation rate. 
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Figure 4: Top-view SEM-images of CNFs grown (1 h, 635 C, C2H4/H2) on 10 nm Ni after (a) 

oxidation pretreatment (the inset shows an image with a lower magnification) and (b) reduction 

pretreatment (the inset shows a cross-sectional image).  

In fact, even without pretreatment, CNFs were formed on 10 nm Ni with good 

surface uniformity. However, these fibers were very weakly attached (based on cross-

sectional SEM images, not shown). Presumably, addition of hydrogen to ethylene 

‘induces’ the formation of nickel nanoparticles during the first minutes of the CNF-

synthesis step, and thus CNF-formation, despite the absence of any thermal 

pretreatment of the Ni film prior to CNF-synthesis.  

CNF-layers formed with an ethylene-hydrogen mixture on oxidation-

pretreated 10 nm Ni had a ‘wavy appearance’ (inset Figure 4a) due to local 

detachment of the CNF-layer (poor adhesion), and the CNF-diameters were in the 

range 50-100 nm. In the case of hydrogen assisted growth on reduction-pretreated Ni 

(Figure 4b), the adhesion of the CNF-layers was better (less detachment), and the 

CNF-diameters were larger (100-200 nm). The amount of fibers in Figure 4b 

(reduction pretreated) appears slightly lower than the amount of fibers in Figure 4a 

(oxidation pretreated). For samples containing 25 nm Ni, similar results were found in 

terms of growth, adhesion and formation rate of CNFs. In the case of oxidation-

pretreatment, thin smooth CNFs (diameter: 50-100 nm) with an apparent high density 

were formed on Ni and Ni/Ta, while for reduction-pretreatment, thicker CNFs with a 

(slightly) lower density were observed (diameter ~100 nm on Ni, and ~200 nm on 

Ni/Ta, respectively). Moreover, Ni/Ta samples contained a broader range of CNF 

diameters, due to the larger variation in the size of nickel nanoparticles during 

pretreatment (see Figures 2b, 2d, 2f). CNFs synthesized on Ni/Ta had excellent 
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adhesive properties, significantly better than CNFs on 10 nm or 25 nm Ni-films, 

independent of the pretreatment conditions. 

In conclusion, CNF-synthesis on reduced Ni/Ta thin film samples using 

C2H4/H2 results in CNF-layers with excellent adhesion to the support and uniform 

coverage of the surface. With this hydrocarbon source on reduced Ni thin films 

without Ta CNF-layers can be grown uniformly as well, but these layers suffer from 

poor adhesion. 

5.3.3 Wettability of synthesized CNF-layers 

The wettability of CNF-layers after 1 h of synthesis grown on reduction-

pretreated Ni and Ni/Ta samples (synthesis conditions: 635 ºC, C2H4/H2) was 

determined. CNF-layers on 10 nm Ni samples were hydrophobic: contact angles were 

ca. 138º, whereas for 25 nm Ni, no contact angle (CA) could be determined due to 

detachment of the CNF-layer. In contrast, CNF-layers on Ni/Ta exhibit CA-values of 

~88º. However, although hydrophobic, CNF-layers on Ni-samples had an important 

disadvantage: the attachment of such CNFs to the oxidized silicon substrate was poor. 

This was experienced during static CA-measurements: the impact of droplets resulted 

in partial removal/detachment of the CNF-layers.  

It is known that the morphological properties like thickness and porosity of the 

CNF-layers may influence the wetting behavior.[10, 11] In an attempt to get more 

insight in the influence of the morphological changes during synthesis, the synthesis 

time of the CNF-layers was varied for reduced nickel-based samples. CNF-layers 

were grown on reduced Ni and Ni/Ta for various growth times in the range 5-60 min 

(635 ºC, C2H4/H2), and the measured thicknesses (as deduced from cross-sectional 

SEM images) of the CNF-layers are plotted in Figure 5a. 

In case of samples with Ni only, the CNF-layer thickness increased with time 

up to 30 min of growth, and the thickness levelled afterwards (10 nm Ni) or even 

decreased slightly (25 nm Ni). The CNF-layer thickness on Ni/Ta increased up to 25 

min of growth, followed by a plateau around 35 µm for longer synthesis times: this is 

due to deactivation of catalyst particles. Similar observations were reported for CNF-

growth on nickel foams.[28] 
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Figure 5: (a) Total CNF-layer thicknesses as a function of growth time after CNF synthesis (635 

ºC, C2H4/H2) on reduction-pretreated 25 nm Ni/10 nm Ta (▲), 25 nm Ni (●) and 10 nm Ni (■). 

(b) Thicknesses of entangled fiber-part at the top () and the dense layer at the bottom (♦) as a 

function of growth time for CNF-layers on Ni/Ta (635 ºC, C2H4/H2). 

In addition, careful inspection of the SEM images of the grown CNF-layers on 

Ni/Ta (Figure 6) reveals that for growth times of 20-30 min the CNF-layers are more 

(vertically) aligned, and that for longer synthesis times ( 30 min) the CNFs start to 

curl and intertwine progressively with growth time (which shows up as a reduction in 

the height of the entangled top layer in Figure 5b), leading to a densification of the 

CNF-layer. These effects might contribute to a reduction (25 nm Ni) or levelling 

(Ni/Ta) of the total layer thickness for growth times above 30 min (Figure 5a). In 

addition, small variation in the growth temperature (from run-to-run) might influence 

the growth kinetics of the CNFs substantially, giving rise to the observed variations in 

total layer thickness. 

CNF-layers on Ni/Ta had excellent adhesion to the support, whereas CNF-

layers on Ni were prone to peeling off/detachment for growth times > 30 min (the 

longer the growth time, the worse the attachment of CNFs on Ni samples). A growth 

time of  15 min is the best for fairly good adhesion of CNF-layers on reduced Ni. 

Figure 6 shows the typical SEM images of CNF-layers synthesized on 

reduced Ni/Ta for various growth times.  
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Figure 6: Cross-sectional SEM-images of CNF-layers synthesized (635 ºC, C2H4/H2) on reduced 

Ni/Ta for various growth times. The scale bar corresponds to 5 µm in each image. The top and 

bottom layers are indicated in the image of the sample grown in 60 min.  
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For longer growth-times (> 15 min) a “densified” C-layer is recognizable in 

which no individual fibers can be discriminated (this C-layer is most likely composed 

of amorphous carbon[35]), with a layer on its top, containing clearly observable,  

randomly-oriented, entangled CNFs. The bottom layer (“dense” C-layer) and top layer 

(entangled CNFs) are indicated in the cross sectional SEM images for the sample after 

60 min growth in Figure 6. The adhesion of the CNF layer to the substrate is 

excellent on these substrates, which is most probably originating from the dense C-

layer, which anchors the CNFs firmly to the substrate. The thicknesses of both the 

entangled fiber-part as well as the dense C-part as a function of growth time are given 

in Figure 5b. The thickness of the dense carbon sublayer increases approximately 

linearly with the growth time, which is not the case for the sublayer of entangled 

fibers: For growth times above 25 min, the height of the entangled CNF layer 

decreases to around 18 µm.  

In. Figure 7, characteristic photographs are shown of a droplet on CNF-layers 

that are superhydrophobic or hydrophilic, as-synthesized on reduced Ni/Ta using two 

different growth times (10 and 50 min).  

 

Figure 7: Photographs of water droplets on as-grown (635 ºC, C2H4/H2) CNF-layers. After 10 min 

growth the layer is superhydrophobic (a), while after 50 min growth the layer is hydrophilic (b).  

The CA-values extracted from these photographs are shown in Figure 8 as a 

function of the growth time. For comparison we determined the CA-values of the as 

evaporated and pretreated substrates prior to CNF growth (see Table 1). Except for 

the as evaporated 10 nm Ni substrates, all the contact angles prior to CNF growth are 

very comparable (94.5° ± 1.5°). The somewhat lower contact angle for the as 
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evaporated 10 nm Ni substrates might arise from a partial coverage of the Si surface, 

hence showing an averaged contact angle between the contact angles on Ni and Si. 

 

Figure 8: Contact angle values measured on CNF-layers as a function of growth time after CNF 

synthesis (635 ºC, C2H4/H2)  on reduced (a) 10 nm Ni (■), (b) 25 nm Ni (●) and (c) 25 nm Ni/10 

nm Ta (▲). In (c) a linear trendline is added as a guide to the eyes.  

Table 1: Contact angle values of the substrates prior to CNF growth. 
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As a result of the CNF-growth the CAs change. It can be observed in Figure 8 

that CNF-layers are superhydrophobic for a growth time of 10 min on samples with a 

“thick” Ni-content (25 nm as-evaporated). More generally, if no Ta is used 

underneath the Ni, almost all growth times yielded highly hydrophobic CNF-layers 

with a CA above 130º. It is believed that these high CA-values were maintained 

because the thickness of the CNF-layer was not increasing significantly for growth 

times ≥ 20 min, most likely due to deactivation of the catalytic nickel nanoparticles, 

which stopped the formation of carbon fibers. However, for very long synthesis times, 

the adhesion of these very hydrophobic CNFs to the silicon support became very 

poor. In contrast, CNF-layers on Ni/Ta showed their excellent adhesion for all growth 

times, but the wettability of these CNF-layers gradually decreased towards 

hydrophilic. Thus, only thin CNF-layers – with a thickness of 2-3 µm– that are grown 

for 10 min on Ni/Ta or Ni are superhydrophobic with good adhesion to the support. 

Next we discuss the decreasing contact angle with growth time, observed for 

the stable CNF-layers grown on Ni/Ta (see Figure 8c). Superhydrophobicity is 

usually explained by either the Wenzel model, when the liquid wets the surface 

completely, or by the Cassie-Baxter model when the liquid wets only the top of the 

surface     asperities.[9] Assuming homogeneous chemical properties of the surface, the 

presence of nanostructures amplifies the wettability of the corresponding flat surfaces 

in the Wenzel case, since the actual wetted area increases, while in the Cassie-Baxter 

case, the presence of nanostructures will always result in higher contact angles 

compared to the corresponding flat surface. In both cases the geometric properties of 

the surface (in our case the diameter, length, orientation and density of the fibers in 

the entangled layer) will influence the actually wetted area. Top-view and cross-

sectional SEM-images (e.g. Figure 6) reveal a similar appearance of the top-part of 

all CNF-layers, i.e. entangled fibers with diameter in the range 50-200 nm, with rather 

identical void spaces (i.e. no large fluctuations in the surface porosity). The 

decreasing contact angle with increasing growth time can therefore not be related to a 

‘simple’ (i.e. only based on geometric considerations) Cassie-Baxter state, for which 

one would need a decreasing surface porosity (and hence roughness) with increasing 

growth time to reproduce the observed trend. For a Wenzel picture, we keep in mind 

that during growth, the actual surface per unit flat area increases monotonically. In the 
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Wenzel picture, a decreasing trend, as observed in our data with increasing growth 

time is associated with a hydrophilic surface and would then start initially with at 

most a contact angle of 90. Therefore a ‘simple’ Wenzel picture is also insufficient to 

explain the observed trends.  

The presence of Ta might change the evolution of the catalytically grown CNF 

with time compared to the substrates without Ta. One could for instance image that Ta 

nanoparticles induce a change in the growth mode of the CNFs from initially base 

growth (see the SEM image after 5 min in Figure 6) to more tip growth in the later 

growth (see the SEM images after 10 and 20 min). Such a change in growth mode is 

at this moment however, speculation and one would need dedicated in situ 

microscopy to verify this hypothesis. 

The surface roughness and chemistry of the CNFs may also change during the 

growth. In Figure 9 we show representative SEM images of individual CNFs grown 

on reduced Ni/Ta (1 h, 635 C, C2H4/H2). It is noticeable that with increasing growth 

time, the surface roughness of the thicker CNFs decreases, while their diameter 

increases slightly. These morphological and chemical changes will clearly influence 

the wetting properties of the CNF surfaces, but further research is needed to 

investigate and model their exact role.  

The apparently decisive role of the CNF-layer thickness in the wettability is 

also reported in earlier work in our group,[25] where, in contrast to our findings here, 

an increasing contact angle with increasing layer thickness was reported for CNF-

layers grown on Ni metal foils. For the CNF-layers grown on polycrystalline Ni foils 

the surface roughness was reported on the scale of tens of microns,[25] while 

roughness in such dimensions is completely absent on the CNF-layers grown on Ni 

thin films in this study. In addition, for the CNF-layers grown on Ni foils it was 

assumed that the surface chemistry of the CNF did not have a noticeable effect on the 

wettability of the CNF-layers,[25] while in the Ni thin film based CNF layers in this 

study a decisive role of changes in the surface chemistry cannot be ruled out. These 

differences in the CNF-layer properties on Ni foils versus Ni thin films might very 

well be related to the different wetting properties on these layers.  

The stability of the superhydrophobicity of the CNF-layers on reduced Ni/Ta 
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was verified by repetitive measurements of the contact angle on the same sample for a 

period of 36 months. During this period we observed –in contrast to observations on 

pristine superhydrophobic CNT-samples[36]- no influence of UV irradiation or dark 

storage on the wettability of the CNF-layers. We did not observe any change in the 

contact angle over this period. In addition, the contact line of evaporating droplets is 

strongly pinned on CNF substrates (hysteresis values up to 65 were measured), 

which, together with the high contact angle, makes these substrates ideally suited for 

evaporation studies in the constant contact area mode.[23] 

In summary, on pure-Ni samples (super)hydrophobic CNF-layers can be 

obtained, however, their attachment to the Si substrate is rather poor, which limits 

their practical use. For CNF-layers grown on Ni/Ta substrates the adhesion to the Si 

substrate is excellent and their wettability can be effectively tuned from 

superhydrophobic to hydrophilic by variation of the growth time. 

 

Figure 9: SEM-images of CNFs synthesized on reduced Ni/Ta (1 h, 635 °C, C2H4/H2) for various 

growth times: a) 15 min, b) 40 min, and c) 50 min.  
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5.4 Conclusions and Outlook 

Various nickel-based thin films – 10 nm Ni, 25 nm Ni and 25 nm Ni/10 nm Ta 

– on oxidized silicon supports were exposed to an oxidation or reduction pretreatment 

(2 h, 500 ºC)  in order to dewet these continuous films into nanoparticles. Ni 

nanoparticle formation, which is required for CNF-growth, was only observed when a 

reductive pretreatment was applied. Ni nanoparticle size and distribution depended on 

the thickness of the nickel film as well as the presence of a tantalum adhesion layer. 

The nanoparticle size distribution influenced the diameter of the CNFs qualitatively. 

On reduced Ni and Ni/Ta thin films CNFs could be TC-CVD synthesized 

(with uniform surface coverage) using ethylene, and addition of hydrogen enhanced 

the formation rate of CNF-layers. Whereas the adhesion of CNF-layers on Ni samples 

was poor (in particular for growth times longer than 30 min), on Ni/Ta the adhesion of 

CNF-layers was excellent. 

Wettability investigations on CNF-layers grown on reduction-pretreated Ni 

and Ni/Ta (synthesis conditions: 635 ºC, C2H4/H2) revealed that CNF layers grown on 

Ni were (nearly) superhydrophobic for all growth times, whereas the wettability of 

CNF-layers on Ni/Ta changed gradually from superhydrophobic for growth times ≤ 

10 min to hydrophilic for growth times ≥ 50 min.  

The possibility to tune the wettability of well-adhesive, as-synthesized CNF-

layers – no post-synthesis treatments were applied – enables the systematic variation 

of the wettability in flow channels of silicon-based microfluidic systems by a CNF 

coating. For example, hydrophilic CNF-layers can be used as catalyst support in 

microreactors[37,38] and superhydrophobic CNFs as coatings for drag reduction 

(superlubrification).  
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6 

How water droplets evaporate on a superhydrophobic 

CNF substrate1,*  

Abstract 

Evaporation of water droplets on a 

superhydrophobic substrate, on which the 

contact line is pinned, is investigated. 

While previous studies focused mainly on 

droplets with contact angles smaller than 

90, here we analyze almost the full range 

of possible contact angles (10 - 150). The 

greater contact angles and pinned contact 

lines can be achieved by use of superhydrophobic carbon nanofiber substrates. The time 

evolutions of the contact angle and the droplet mass are examined. The experimental data are 

in good quantitative agreement with the model presented by Popov [Phys. Rev. E, 2005, 71, 

036313], demonstrating that the evaporation process is quasistatic, diffusion-driven, and that 

thermal effects play no role. Furthermore, we show that the experimental data for the 

evolution of both the contact angle and the droplet mass can be collapsed onto one respective 

universal curve for all droplet sizes and initial contact angles.  

                                                 

1 This chapter is published as “How water droplets evaporate on a superhydrophobic substrate” by 
H.Gelderblom, Á. G. Marin, H. Nair, A. van Houselt, L. Lefferts, J. H. Snoeijer, and D. Lohse,  
Physical Review E, 2011, 83, 026306. 
*Theory of drop evaporation-H. Gelderblom; Drop impact experiments with A.G. Marin. 
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6.1 Introduction 

Evaporation of sessile droplets with small contact angles (< 90) has been 

studied extensively. Several evaporation modes have been explored: the constant 

contact-angle mode,[1,2] in which the contact area of the droplet on the substrate 

vanishes; the constant contact-area mode,[1,3-6] in which the contact angle vanishes; 

and the combination of both modes.[1,7,8] A thorough understanding of droplet 

evaporation is of vital importance for examining the drying rate,[1,3,6,7,9-11] the flow 

patterns observed inside drying drops,[12-14] and the residual deposits.[5,15,16] 

In early modeling of evaporating drops,[3,4,7,17] the evaporative flux was 

assumed to be uniform in the radial direction, as it is for evaporation from a sphere. 

However, in his study of contact-line deposits, Deegan[5] argued that the evaporative 

flux from a sessile drop with a spherical cap shape is generally not uniform, but 

diverges near the edge of the drop for contact angles smaller than 90. Hu and 

Larson[6] later used a numerical model to find an expression for the rate of mass loss 

from a drop in terms of its contact angle, taking this divergence into account. Their 

model applies to contact angles smaller than 90. 

For larger contact angles, few theoretical descriptions exist for diffusion 

around a spherical-cap droplet. In Ref. [1], the rate of mass loss was expressed in 

terms of a series solution, which can be approximated in both the small and large 

contact-angle regimes. Popov[16] described an analytical solution for the rate of mass 

loss in terms of the contact angle, which applies to the full range of contact angles. 

However, this model has never been validated against experimental data in the large 

contact-angle regime.  

Apart from the diffusive spreading of water vapor described by the models 

mentioned earlier, there are other factors that may influence the evaporation rate (see, 

e.g., Ref.[18] for an overview). First, the evaporation models discussed assume a 

stationary contact line. When the contact line is moving, dynamic effects may 

complicate the problem for both the vapor concentration outside and the viscous flow 

inside the drop[8]. Secondly, evaporative cooling of the drop can reduce the 

evaporation rate.[9-11] The resulting temperature gradients on the drop surface can 

induce a Marangoni flow,[13,14] and can give rise to a Marangoni-Bénard instability.[19] 
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Finally, in addition to the diffusion of water vapor, free convective transport may play 

a role, increasing the evaporation rate.[11,20] However, the influence of these factors on 

the evaporation rate has yet to be confirmed experimentally.  

In this chapter, we describe our investigation into the evaporation of water 

droplets on carbon nanofiber (CNF) substrates; see Figure 1.  

 

Figure 1: Side-view (a) and top-view (b) of an 8 µL droplet on a CNF substrate in the initial 

moments. Parts (c) and (d) show the same droplet in the last moments before being completely 

evaporated. Note that the contact line remains perfectly circular and completely pinned until 

almost the end of the process. 

These substrates belong to the family of ordered carbonaceous structures: the 

graphitic planes are oriented under an angle to the central axis. CNF substrates can 

exhibit superhydrophobicity.[21] The samples used here have contact angles with 

water, ranging from 150 up to 170. On superhydrophobic substrates, all evaporation 

modes can occur. The constant contact-angle mode is mostly observed when the 

contact-angle hysteresis is low; the constant contact-area mode is mostly observed 



Chapter 6 

88 

when the hysteresis is high.[22, 23] On our CNF substrates, the contact line remains 

pinned throughout almost the entire experiment; hence evaporation takes place in the 

constant contact-area mode. In contrast, superhydrophobic substrates based on 

micropillar arrays display contact-line jumps during evaporation.[24,25] Because we 

consider pinned contact lines, we can study evaporating drops in almost the full range 

of possible contact angles (0-150). The rate of mass loss and contact-angle 

evolution over time are obtained experimentally for various drop sizes. We show that 

the evaporation dynamics is described accurately by the diffusion-based model of 

Popov,[16] suggesting that thermal and free-convection effects are unimportant in our 

experiment. In addition, we show that the evolutions of the droplet mass and contact 

angle can be described by a universal relation, that is, independent of the drop size 

and initial contact angle.  

In section 6.2, the experimental setup and preparation of the CNF substrates 

are described. The experimental results are discussed in section 6.3.1. The theoretical 

model for droplet evaporation adopted from Popov[16] is briefly described in section 

6.3.2. Finally, in section 6.3.3, it is shown that the theoretical results are in good 

quantitative agreement with the experimental data.  

6.2 Experimental Methods 

6.2.1 Preparation of the CNF substrates 

The droplets were left evaporating in an empty room2 at a constant 

temperature of 23 C and a humidity of 30% over CNF substrates; see Figure 2. 

CNFs were grown on oxidized silicon substrates using a Ni thin film as a catalyst. A 

250-nm-thick SiO2 layer was grown on p-type Si(001) via wet oxidation. On top of 

this oxide layer, 10 nm Ta was deposited followed by a 25-nm-thick Ni layer. The 

samples were pretreated prior to the CNF synthesis in a quartz reactor. The substrates 

were placed on a flat quartz boat positioned centrally inside a quartz reactor, and the 

                                                 

2 No human heat sources were present. 
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temperature was increased at a rate of 5 K.min-1 from room temperature up to 500 C 

in a N2 (99.999%, Indugas) atmosphere. During this pretreatment step, the samples 

were subjected to 20 vol.% of H2 in N2 at a total flow rate of 50 mL.min-1 at 500 C 

for 2 h; then the temperature was increased up to 635 C. At 635 C, 25 vol.% 

ethylene (99.95% Praxair) in N2 was passed through the reactor for 1 h, while 6.25 

vol.% H2 (99.999%, Indugas) was added for the first minute of the reaction time. 

After the reaction time, the substrates were cooled down in N2 at a rate of 10 C. min-1 

until room temperature was reached. The CNF samples were used without further 

functionalization. 

 

Figure 2: Scanning electron microscopy (SEM) images of the CNFs used as superhydrophobic 

substrates. Tilted side-view (left) and augmented top-view (right). 

6.2.2 Measurement of droplet evaporation 

To analyze the evaporation of droplets on CNF substrates, the droplets were 

observed during their total evaporation time and photographed at 1-s time intervals. 

Two synchronized cameras (Lumenera Lm135, 1392 × 1040 pixels) were used for this 

purpose, one taking side-view images and other taking top-view images; see Figure 1. 

Side-view images allowed us to compute volume (mass), contact angle, area, droplet 

radius, mass loss, and spreading velocity at every instant. The image analysis was 

performed using a custom-made MATLAB code in which the detected droplet profile 

was fitted to an ellipse. The droplets considered in this study are much smaller than 

the capillary length (which is 2.7 mm for a water droplet[18]), hence we can neglect 

flattening of the drops by gravity. Nevertheless, we used an elliptical rather than a 
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spherical fitting. The elliptical fit allowed us to use three fitting parameters (two semi-

axes and the angle of the ellipse with the horizontal plane) instead of only one (droplet 

radius), thereby increasing the precision of the determination of the volume and 

contact angle of the droplets. The ellipticity of the droplets, defined as the ratio 

between both semi-axes, was always below 7%.  

The contact line of the droplets was detected automatically; the contact angles 

were then measured by finding the tangent of the ellipse at the contact line. The error 

in the determination of the contact angle, based on the quality of the fits, was found to 

be less than 1%. The volume of the droplet was obtained by calculating the ellipse 

area above the contact line and assuming rotational symmetry with respect to the 

vertical axis, with an error below 10%. The rate of mass loss was computed applying 

a fourth-order finite differentiation of the ellipse volume over time. 

Top-view images were used to obtain qualitative information on the stability 

and circular symmetry of the contact line; using this information, we rejected those 

few experiments in which the contact line had a highly irregular shape. 

Due to the chaotic three-dimensional distribution of the nanofibers, the way 

the liquid wets the structure is more complex than for ordered superhydrophobic 

microstructures,[24, 25] for which two wetting states can be defined: the Cassie-Baxter 

state, in which the contact of the liquid with the substrate is minimum, and the Wenzel 

state, in which the contact is maximum. In our case, it is assumed that the liquid 

remains in a mixed state and that the transitions from one intermediate state to another 

are sufficiently smooth to be undetectable. Therefore, we will not use this terminology 

in this paper. 

6.3 Results and Discussions 

6.3.1 Experimental results 

The droplet volume, contact angle, and radius were determined from the 

experimental data with a time resolution of 1 s. The droplet volume versus time plot 

clearly shows nonlinear behavior; see Figure 3a. Hence, a model based on the small 

contact-angle approximation, which predicts the droplet volume to decrease linearly 

in time,[5,6] will not suffice to describe the evolution of the droplet volume over time. 
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From the droplet volume measurements, the rate of mass loss of the droplet      ⁄  

was derived, as described in Section 6.2.2. Figure 4a shows that      ⁄  decreases 

with decreasing contact angle, hence it also decreases in time. Again, nonlinear 

behavior is observed, with a steep decline for larger contact angles, but this levels off 

to a constant rate of mass loss for contact angles smaller than 70. 

 

Figure 3: (a) Droplet volume versus time for initial droplet volumes of 1.6 µL (blue filled circles), 

2.1 µL (red squares), 2.9 µL (green diamonds), 4.6 µL (magenta upward triangles), 6.2 µL (cyan 

downward triangles), and 6.9 µL (brown unfilled circles). The error bars are deduced from the 

elliptical fit to the data. The measurements were performed with a time resolution of 1 s, but for 

clarity we show the data with a 30-s resolution. (b) The dimensionless droplet mass plotted 

against the dimensionless time. The black solid line represents the theoretical prediction 

according to the Popov model. The experimental data is scaled according to equation (6). The 

time is set to 0 at the end of the droplet life (see text). 

During the evaporation, the contact angle of the droplets decreases over time 

from about 150 to 0, as shown in Figure 5a. Initially, the contact angle decreases 

slowly over time. This is followed by a more rapid, linear decrease over time when 

the contact angle becomes smaller than approximately 70. The initial contact angles 

of the droplets differ somewhat owing to the irregularities in the substrate. For 

comparison, not only the experimental data but also the predictions based on the 

Popov model are shown in Figure 5a. A more detailed explanation of this model is 

given in Section 6.3.2. 
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Figure 4: (a) The rate of mass loss of the droplet (derived from the measured droplet volume) 

versus the contact angle. Colors and markers are as in Figure 3. (b) The same data, but now 

scaled according to equation (6). Predictions from the Popov model (black solid line) and the 

model of Hu and Larson (purple dashed line) are shown. 

 

Figure 5: (a) The evolution of the contact angle over time. The experimental data (•) can be 

described very well by the theoretical model of Popov (─) by adjusting the drop radius according 

to its experimental value (see section 6.3.3.). The error in the experimental data is not shown, 

since it is below 1%. (b) The same data, but with the time scaled according to equation (6) and set 

to 0 at the end of the droplet life (see text). The black solid line represents the theoretical 

prediction according to the Popov model. Colors and markers are as in Figure 3. 

One advantage of the CNF substrates is that the contact lines of the droplets 

remain pinned throughout almost the entire experiment. Therefore, droplet 

evaporation in the constant contact-area mode can be studied, in the absence of any 

contact-line dynamics. Similar behavior of the contact angle in the pinned situation 

has been reported for natural lotus leaves,[23] synthetic superhydrophobic surfaces 

with high contact-angle hysteresis,[22] and aligned carbon nanotube (CNT) samples.[26] 
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Figure 6 shows that depinning only occurs during the final moments of the droplet’s 

life. In the depinning phase, the contact angle is typically smaller than 40. Once the 

droplet starts to depin, the measurement error shoots up. This is because the contact 

line does not depin homogeneously, and it is therefore no longer exactly circular.  

 

Figure 6: The droplet radius vs. time. Significant depinning of the contact line is observed during 

the final 4% of the droplet lifetime. Data are shown with 15-s time resolution. During the 

depinning, a resolution of 5 s is used. Colors and markers are as in Figure 3. 

6.3.2 Theory of droplet evaporation 

To describe theoretically the measured time evolution of a droplet’s contact 

angle and mass, we need to know the evaporative flux from the droplet surface. This 

flux depends on the rate-limiting step in the vapor transport. We assume that vapor 

transport by free convection, induced by the density difference between dry and 

humid air,[20] is negligible compared to diffusive transport. The influence of 

evaporative cooling of the droplet on the evaporation rate[11] is also neglected. Hence, 

the vapor transport occurs mainly by diffusive spreading of the water vapor in air, and 

is characterized by diffusion time 

        ⁄ , 

with R the droplet radius in the plane of the substrate and D the diffusion coefficient. 

The diffusion time for water vapor in air is of the order of 10-2 s. The evaporation 

occurs in a quasisteady fashion: the time scale for diffusion is much smaller than the 
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typical droplet evaporation time (  ). As will become clear from the dimensional 

analysis presented in equation (6), 

     (     ) ⁄ . 

In essence,    can be estimated by comparing the initial droplet mass, proportional to 

the droplet density ( ), to the rate of mass loss, proportional to      , the vapor 

concentration difference between the drop surface and the surroundings. Here, 

    ⁄        ⁄  

is of the order of 105. We do not take into account the Kelvin correction to the vapor 

pressure because this effect is negligible for droplets of the size considered here.  

To determine the diffusive outflux from the drop surface, the vapor 

concentration field around the droplet has to be calculated. We follow the approach 

taken by Popov.[16] For completeness, we briefly formulate the problem in the 

following paragraph. 

A cylindrical coordinate system (r, z, ) is adopted, with r being the radial 

coordinate, z the direction normal to the substrate, and  the circumferential 

coordinate. The origin of this system is chosen such that z=0 corresponds to the 

substrate and r = 0 to the center of the droplet. In this case, the problem is 

axisymmetric, that is,  -independent. In the quasisteady, diffusion-limited case, the 

concentration field c(r, z) around the droplet is given by 

                                                                                                                 (1) 

The boundary conditions imposed along the spherical-cap-shaped droplet with 

arbitrary contact angle   are  

(i)      , the saturated vapor concentration, along the droplet surface; 

(ii)     , the ambient vapor concentration, far away from the drop; and  

(iii) the substrate is impermeable, hence     ⁄    along the substrate.  

The diffusive flux is given by 

      . 
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In our experiments, the ambient temperature was 23 C and the humidity H = 0.3. At 

this temperature, D = 24.6 × 10-6 m2.s-1,   = 997.6 kg.m-3, and    = 2.08 × 10-2 kg.m-3 

(obtained from (Ref. [27], pp.6-1, 6-191) by linear interpolation); furthermore, 

      . 

In the limit of small contact angles, simplified solutions to Equation (1) 

subject to the boundary condition (i)-(iii) can be used, as presented by Deegan[5] and 

Hu and Larson.[6] In our case, a more advanced model is needed because we consider 

droplets evaporating on a superhydrophobic substrate, with initial contact angles of 

approximately 150. The analytical solution to the equivalent problem of finding the 

electric potential around a charged lens-shaped conductor is described in Ref. [28]. 

Popov[16] used this result to determine the rate of mass loss from a droplet of arbitrary 

contact angle:  

  

  
   ∫  ( )√   (   ) 

 

 

       

                                         (     ) ()                                                  (2)                                 

with   the droplet mass,   the diffusive outflux from the droplet surface,  (   ) the 

droplet height,   the time, and  

                ( )  
    

      
  ∫

         

      

 

 
      (   )                               (3) 

The droplet mass can be expressed in terms of   by the geometric relation 

                                         ( )                     

       
,                                             (4) 

which yields an ordinary differential equation for   as a function of  ,  

                                          

  
  

  (     )

   (       )   ( ).                                    (5) 

Numerical integration then gives   as a function of  . Once   is known,  ( ) and 

    ⁄  can be derived. 

In Figures 3a-5a, we showed the evolution of the droplet mass and contact 

angle in time for various drop sizes. Based on the theory just described, one would 

expect a universal behavior that is independent of the drop size and the other problem 
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parameters              . To demonstrate this, we introduce the non-dimensional 

mass and time as  

                                        ̂  
 

    ,            ̂  
     

 

 

   ⁄
 .                                           (6) 

By substituting (6) into Equations (2)-(5), we obtain 

                                                        ̂

  
     ( ),                                                       (7) 

                                                   ̂   
               

       
,                                               (8) 

                                                  

  ̂
  (       )   ( ).                                          (9) 

The relations (7)-(9) no longer depend on the size of the droplets, but only on the 

contact angle. This implies that when we rescale the experimental data according to 

(6), they should all collapse onto the theoretical curves described by (7)-(9). 

6.3.3 Comparison between theory and experiment 

In Section 6.3.2, we explained that it should be possible to collapse the 

experimental data for all droplet sizes measured onto a single theoretical curve. To 

test this, we have to scale the experimental data according to (6). As a characteristic 

length scale, we would like to use the droplet radius. However, during the final 

moments of the droplet’s lifetime, the droplet radius is a time-dependent quantity. 

Therefore, we discarded all data in which the droplet radius was changing 

significantly (>10%) in the results that follow, and we used the initial droplet radius 

for scaling. 

The most direct prediction from the Popov model, which involves no time 

integration, is the dependence of the rate of mass loss on the contact angle (7). Indeed, 

the scaled experimental data collapse onto a single curve, which is in excellent 

agreement with the theoretical prediction (7) as shown in Figure 4b. For comparison, 

the result obtained from applying the model of Hu and Larson[6] is also shown. Their 

approximation works well up to  = 90, but for larger contact angles Popov’s fully 

analytical model is required to adequately describe the data. 
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Figure 5b shows that the experimental data for the contact angle versus 

(dimensionless) time follow a universal theoretical curve for all droplet sizes 

measured. The total time it takes a droplet to evaporate depends on its initial contact 

angle, as explained in Section 6.3.2. Since the initial contact angles vary somewhat, 

the droplet lifetimes differ. However, the experimental time is not an absolute 

measure, and we therefore have the freedom to set t = 0 at whichever contact angle we 

want. As the reference point, we chose   = 0 at the end of the evaporation process, 

which is characterized by   = 0. This point is found by linear extrapolation from the 

last data points measured to   = 0. 

Once the contact angle in time is known, we can apply relation (8) to derive 

the droplet mass theoretically. Experimentally, the droplet mass is obtained 

independently of the contact angle. Therefore, the comparison between the theoretical 

predictions and the experimental data for the droplet mass, as in Figure 3b, provides a 

second validation of the model. 

In the results just described, we used the experimental data as long as the 

contact angle remained pinned and hence the droplet radius remained constant. In 

Figure 6, we showed that depinning occurs during the final moments of the droplet’s 

lifetime. To construct the theoretical curves in Figure 5a, this radius change has been 

taken into account. Time integration was performed backward in time, starting from 

the smallest contact angle measured. The agreement between the model results and 

the experimental data is surprisingly good, even in the regime where the droplet 

radius is changing significantly. Although the droplet radius decreases rapidly, the 

time scale over which the radius shrinks is still large – of the order of 100 s – 

compared to diffusion time (10-2 s). Therefore, contact-line dynamics is still of 

negligible influence, and the quasisteady evaporation model can indeed be 

applied.[8,18] 

6.4 Conclusion 

Evaporation of water droplets on superhydrophobic CNF substrates is studied. 

These substrates allowed us to measure the evolution of droplet mass and contact 

angle over time, while the contact line remained pinned throughout almost the entire 
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experiment. The initial contact angle was as high as 150, and since it decreases to 0 

during evaporation, a very large range of contact angles could be studied. Therefore, 

CNF substrates are a very useful tool to study droplet evaporation in the absence of 

contact-line dynamics. In our theoretical analysis, we deduced universal relations for 

the time evolutions of the droplet mass and contact angle. This universal scaling 

behavior is confirmed by our experimental results. Since the experimental data 

covered almost the entire range of possible contact angles, we have been able to 

validate the diffusion-based analytical evaporation model presented by Popov. [16] The 

agreement of our experimental data with this theoretical model—that does not contain 

any adjustable parameters—is excellent. Therefore, we conclude that in our 

experiments the evaporation is quasistatic and diffusion-driven, and thermal effects 

play no role.  

Even during the brief depinning phase, the quasisteady model predicted the 

experimental data surprisingly well. Hence, a pinned contact line is not a stringent 

requirement for the applicability of the quasisteady evaporation model, provided that 

the radius change takes place on a longer time scale than the diffusion. In contrast, for 

droplets evaporating on complete wetting substrates, a quasistatic droplet profile can 

no longer be assumed and viscous effects influence the evolution of the contact angle 

over time.[8, 29, 30] It would be interesting to address intermediate cases, in which there 

is some contact-line motion, so as to establish the range of applicability of the 

quasisteady evaporation model.  
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7 

The Leidenfrost temperature increase for impacting 

droplets on carbon-nanofiber surfaces1  

Abstract 

Droplets impacting on a superheated surface can either 

exhibit a contact boiling regime, in which they make 

direct contact with the surface and boil violently, or a 

film boiling regime, in which they remain separated 

from the surface by their own vapor. The transition from 

the contact boiling to the film boiling regime depends 

not only on the temperature of the surface and the 

kinetic energy of the droplet, but also on the size of the 

structures fabricated on the surface. Here we 

experimentally show that surfaces covered with carbon-

nanofibers delay the transition to film boiling to much higher temperatures compared to 

smooth surfaces. We present physical arguments showing that, because of the small scale of 

the carbon fibers, they are cooled by the vapor flow just before the liquid impact, thus 

permitting contact boiling up to much higher temperatures than on smooth surfaces. We also 

show that as long as the impact is in the film boiling regime, the spreading factor of 

impacting droplets is consistent with the We3/10 scaling (with We being the Weber number) as 

predicted for large We by a scaling analysis. 

                                                 

1 This chapter is published as “The Leidenfrost temperature increase for impacting droplets on carbon-
nanofiber surfaces” by H. Nair and H. J. J. Staat, T. Tran, A. van Houselt, A. Prosperetti, D. Lohse and 
C. Sun, Soft Matter, 2014, 10, 2102. 
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7.1 Introduction 

Spray cooling is an effective heat transfer mechanism as it is capable of 

delivering spatially uniform and high heat transfer rates.[1–3] An important new 

application of this technology is in electronic cooling, where the growing power 

consumption and decreasing sizes pose increasingly challenging heat dissipation 

demands.[4,5] Other common situations in which cold drops impact hot surfaces are 

found in internal combustion engines,[6,7] quenching of aluminum and steel,[8] fire 

suppression[9,10] and others. 

In all these applications a stream of fine droplets dispensed, e.g., from a nozzle 

impinges on a solid surface and cools it by a combination of sensible heat absorption 

and latent heat of vaporization. Due to the inherent complexity of the phenomenon 

and the large number of parameters involved, such as droplet size, velocity 

distribution, droplet number density and material properties, many aspects of the 

physical mechanisms involved still remain incompletely understood.[1,11,12]  

A fundamental understanding of the impact of an individual droplet on 

superheated surfaces is the first step toward a better understanding and eventual 

optimization of the process. Various aspects of this particular problem have been 

investigated, such as the effect of droplet size, velocity, physical properties,[13,14] and 

surface roughness,[15,16] the transition between different boiling regimes,[16–21,31] the 

surface temperature change and heat transfer during impact,[15,22–24] the residence time 

of the impacting droplet,[16,25] the spreading factor[16,21,26] and others.  

An important quantitative feature of the phenomenon is the transition 

temperature TL between the contact boiling regime, where the liquid makes direct 

contact with the heated surface, and the film boiling regime, where a stable vapor 

layer between the liquid and the surface is formed during impact. As the rate of heat 

transfer in the film boiling regime is significantly reduced due to the poor thermal 

conductivity of the vapor layer, this regime should be avoided for applications that 

require high heat transfer rates. Methods to increase TL, or delay the onset of the film 

boiling regime, are therefore of great interest for such applications. 
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Recently, surfaces covered with nanofibers were shown to effectively enhance 

the heat transfer from the surface to a liquid in contact with it.[24,27] In particular, it 

was reported that for impacting ethanol droplets on surfaces covered with nanofiber 

mats, the film boiling behavior was not observed even when the surface temperature 

was as high as 300 C,[23] which implies that the transition temperature to film boiling 

is increased compared to that observed on smooth surfaces. This is in marked contrast 

to the impact on surfaces covered with microstructures, for which the transition 

temperature is considerably decreased compared to a smooth surface.[16] Indeed, 

numerous questions regarding the effects of nanostructures on the transition 

temperature are still open. First of all, why do nanofibers cause a higher TL compared 

to that on smooth surfaces? And, further, what is the transition temperature TL for this 

type of surfaces? How does it change with the size of the nanostructures on the 

surfaces?  

To answer these questions, in this paper we study the impact of droplets on 

heated surfaces covered with carbon nanofibers (CNFs), which are carbonaceous 

structures grown by catalytic vapor deposition of hydrocarbons. This type of 

nanostructure is well-known for its unique physical and chemical properties with a 

tunable morphology (the diameter can be varied from a few to hundreds of 

nanometers; the height can be controlled from a few micrometers to millimeters), 

which in turn can be exploited for tuning the roughness, porosity, and surface area.[28]  

We use two types of CNF surfaces corresponding to two different typical fiber 

lengths and a smooth silicon surface. For each type of surface, we determine the 

transition temperature and its dependence on the impact velocity. We propose a 

quantitative explanation of the effect of nanofibers on the transition temperature TL. 

Furthermore, for the impact of droplets in the film boiling regime, we measure the 

spreading factor and compare our data with existing models. 

7.2 Experimental Methods 

7.2.1 Synthesis of carbon nanofiber layers 

Carbon nanofibers (CNFs) were synthesized on oxidized silicon wafers (p-

type, 5–10 Ohm.cm resistivity, 100 mm diameter, 525  25 µm thickness, {100} 



Chapter 7 

104 

crystal orientation; Okmetic Finland) using a nickel (Ni) thin film as the catalyst. 

First, a SiO2 layer of 220 nm thickness was grown via wet oxidation (45 min,       

1000 C) on these silicon substrates. Second, a pattern was defined in the spin-coated 

photoresist (Olin, 906-12), resulting in unmasked squares of 8 mm × 8 mm, by means 

of standard UV lithography (EVG 620). Furthermore, a 10 nm tantalum layer 

followed by a 25 nm nickel layer was deposited via electron-beam evaporation. 

Finally the samples were subjected to an ultrasonic lift-off step in acetone (>20 min; 

VLSI 100038, BASF), followed by rinsing in water and spin drying. These nickel-

coated substrates were diced into 1 cm × 1 cm samples (Disco DAD-321 dicing 

machine). To remove organic contaminants, these samples were ultrasonically cleaned 

in acetone (10 min, Branson 200 ultrasonic cleaner) and de-ionized water (2 min,     

25 C).[29]  

After drying with synthetic air, the samples were placed centrally on a flat 

quartz boat inside a quartz reactor and were loaded into a horizontal oven equipped 

with three temperature controllers along it. Nitrogen (N2; 99.999%, INDUGAS NV.) 

was used as a carrier gas during heating, pretreatment, CNF synthesis and cooling. 

First, the temperature was increased (5 K. min-1) to 500 C. Second, the samples were 

pretreated with 20 vol.% of hydrogen (H2; 99.999%, INDUGAS NV.) for 2 hours at a 

total flow rate of 50 ml.min-1 in order to reduce the passivated Ni thin film. 

Subsequently the temperature was increased (5 K.min-1) to 635 C, at which 

temperature the CNF synthesis was performed via catalytic vapor decomposition 

using 25 vol.% ethylene (C2H4; 99.95% Praxair Inc.) and 6.25 vol.% H2 at a total flow 

rate of 100 ml.min-1. Finally the samples were cooled down to room temperature     

(10 K.min-1).  

Two sets of samples were used for the droplet impact studies. One set was 

obtained after a CNF synthesis time of 11 min, resulting in a CNF layer thickness l ≈ 

3.4  0.3 µm. The other set was obtained after a CNF synthesis time of 14 min, 

resulting in a CNF layer thickness of l ≈ 7.5  0.7 µm. More details of the influence of 

the synthesis time on the CNF layer thickness have been reported previously.[29] These 

samples will be termed as CNF(3.5) and CNF(7.5), respectively. Figure 1 shows 

representative scanning electron microscopy (SEM) images with the side views 
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(Figures 1a and b) and top views (Figures 1c and d) of the surfaces CNF(3.5) and 

CNF(7.5).  

 

Figure 1: Scanning electron microscopy (SEM) images showing side views of the carbon 

nanofiber (CNF) layers with a synthesis time of (a) 11 min and (b) 14 min. The arrow in (b) 

indicates the height H of the CNF layer. The corresponding top-view SEM-images are shown in 

(c) for a synthesis time of 14 min. The bar represents 1 µm in (a), (c) and (d), and 2 µm in (b). 

The thickness l of the CNF layers was determined using 5 representative 

cross-sectional SEM images taken at various positions on the sample (10 height 

measurements were averaged per SEM image). The width of the nanofibers ranges 

from 32 nm to 220 nm with an average value of 127 nm. Using the thickness of the 

CNF layers, the projected surface area of the samples (A = 0.64 cm2), the density of 

graphite ( = 2267 kg.m-3), together with the total weight Mt of all the carbon nano-

fibers on each sample (Mt = 120 µg for CNF(3.5) and Mt = 190 µg for CNF(7.5)), we 

can estimate the porosity           ⁄     of each sample:   ≈ 0.76 and   ≈ 0.83 

for CNF(3.5) and CNF(7.5) respectively. 
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7.2.2 FC-72 droplet impact experiments on CNF layers 

A schematic diagram of the experimental setup is shown in Figure 2.  

 

 

Figure 2: (a) Schematic (not to scale) of the experimental setup used to observe the characteristic 

behaviors of impacting droplets on heated surfaces. The surface of interest is placed on a heater, 

which can be heated up to 500 C. FC-72 droplets of diameter D impact the heated sample with 

the impact velocity V. The behavior of the impacting droplets is recorded from the side using a 

high-speed camera (Photron SA1.1). From the recordings, D, V, and the maximum spreading Dm 

of the droplet can be measured. (b) Series of snapshots of an impacting droplet in the film boiling 

regime showing how Dm is measured as the maximum horizontal extension of the droplet.  
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All droplet impact experiments were performed with FC-72 (3M Fluorinert 

Electronic Liquid), a dielectric fluid commonly used in electronics cooling 

applications. The liquid has a boiling point Tb = 56 C, a density l = 1680 kg.m-3, and 

a surface tension  = 10 mN.m-1.We generate droplets by using a syringe pump (PHD 

2000 Infusion, Harvard Apparatus) to inject the liquid into a small fused silica needle 

where the droplets are formed at the tip. The flow rate is kept at a small value           

(≈ 0.1 mL.min-1) so that droplet detachment from the needle is due only to the 

gravitational force, hence keeping the droplet size uniform. After detaching from the 

needle, a droplet falls on the target surface placed on a brass plate with a cartridge 

heater and a thermocouple (Omega Inc.) embedded inside. The surface temperature T 

was set using a controller and was varied between 60 C and 450 C. This temperature 

was also measured independently using a surface temperature probe (Tempcontrol 

B.V.). The difference between the controller's set point and the surface probe 

measurement was less than 3 K. Thus we take the controller's set point as the surface 

temperature T.  

Recordings of the impact events were made with a high-speed camera 

(Photron SA1.1) (see Figure 2). From these high-speed recordings, the boiling 

behaviors were analyzed, and the droplet diameter D, the impact velocity V and the 

maximum spreading diameter Dm (see Figure 2) were measured. From the measured 

diameter and velocity, we calculated the Weber number We = lDV2/, which is a 

dimensionless number that characterizes the droplet's kinetic energy compared to its 

surface energy. The impact velocity V was varied by changing the needle's height. 

Impact events were repeated at least three times for every combination of V and T to 

test the reproducibility of the experiment. 

7.2.3 Characterization of boiling behavior 

By varying the surface temperature between 60 C and 450 C and the Weber 

number between 10 and 1000, we observed two characteristic boiling behaviors: 

contact boiling and film boiling. In Figure 3 we show two series of images to 

illustrate the difference between these two regimes. The essential difference between 

the two is whether or not the liquid makes direct contact with the heated surface 

during impact.[21,30,31] 
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Figure 3: (a) Representative images showing the characteristic boiling behavior of an impacting 

FC-72 droplet on a 7.5 µm-thick CNF surface in the contact boiling regime,  T = 200 C. The 

diameter of the impacting droplet is D = 1.1 mm, the impact velocity V = 1.0 m. s-1 and the Weber 

number We = 154. (b) Representative images of an FC-72 droplet with the same diameter and 

velocity impacting on the same surface as in (a), but at the higher surface temperature, T = 400 

C. In this case, the impact is in the film boiling regime.  
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In the contact boiling regime (Figure 3a), as the pressure of the vapor 

generated underneath the droplet is not sufficient to support the droplet's dynamic 

pressure, the liquid touches the heated surface and quickly boils due to the high heat 

flux through the contact area. The recorded snapshots show the small droplets ejected 

as a result of the boiling process. In contrast, an impacting droplet in the film boiling 

regime is separated from the heated surface by a developing vapor layer (see Figure 

3b). This vapor layer insulates the droplet during the impact time, and hence prevents 

the liquid from boiling violently.  

By carefully analyzing the recorded movies of impacting droplets, we 

categorized the impact as being in the film boiling regime when droplet ejection or 

vapor bubble generation was not observed. 

7.3 Results and Discussions 

7.3.1 Dynamic Leidenfrost temperature 

In Figure 4 we show phase diagrams of the characteristic boiling behavior of 

impacting droplets on smooth silicon surfaces, CNF(3.5), and CNF(7.5), respectively. 

The temperature ranges were 60 C to 250 C for the smooth silicon surfaces, 60 C 

to 300 C for the CNF(3.5) surfaces, and 100 C to 450 C for the CNF(7.5) surfaces. 

In each phase diagram, there is a clear transition between the contact and the film 

boiling regimes. This transition temperature is marked by a solid line, with the vertical 

bars indicating the intermediate region where both boiling behaviors were observed. 

The transition temperature, known as the dynamic Leidenfrost temperature TL, 

increases with increasing kinetic energy of impacting droplets. This dependence of TL 

on We is qualitatively similar to that found previously for droplets impacting on 

smooth and micro-structured surfaces,[15,16,21] and is expected: the increasing 

momentum of the impact forces the droplet to contact with the surface at higher and 

higher temperatures.  

These results, however, are in stark contrast to those found for smooth and 

microstructured surfaces in two respects, as can be seen from Figure 5 in which TL 

values for the smooth and CNF surfaces are compared. 
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Figure 4: (a) Phase diagram showing the characteristic boiling behaviors of impacting FC-72 

droplets on smooth silicon surfaces. The contact boiling regime (red crosses) and film boiling 

regime (open blue circles) are separated by a transition band, indicated by the vertical bars, 

where both characteristic behaviors were observed. (b) Phase diagram for surfaces covered with 

a 3.5 µm-thick CNF layer. (c) Phase diagram for surfaces covered with a 7.5 µm-thick CNF layer. 

Note the much larger temperature ranges in (b) and (c).  
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Figure 5: Dynamic Leidenfrost temperature (transition from contact to film boiling) for smooth 

silicon, and surfaces covered with a 3.5 µm and a 7.5 µm-thick layer of carbon nanofibers.  

The first unexpected finding is that while TL is lower for microstructured 

surfaces as compared with smooth ones,[16] it is actually higher in the case of      

carbon nanofibers. For example, for We = 100, TL for the smooth surface is 110 C, 

whereas for CNF(3.5) and CNF(7.5) it increases to 250 C and 350 C, respectively. 

Secondly, TL increases with the nanofiber length, again in contrast to surfaces covered 

with micrometer-sized pillars for which, for given shape and spacing, the 

microstructure height is inversely correlated with TL.[16] The tentative explanation of 

that latter finding offered in Ref. 16 is that the surface of the impacting liquid tends to 

penetrate the space between the pillars. This causes the liquid-surface area to increase, 

the more the higher the pillars. As a consequence, the vapor generation rate also 

increases and the film boiling regime sets in at a lower temperature. 

As an explanation of the opposite behavior found with carbon nanofibers we 

suggest that they are efficiently cooled by the vapor flow before the drop touches the 

CNF surface. To support this conjecture in the following subsection we will estimate 

the time scale c for the temperature of the nanofibers to cool, and compare it with the 

time scale e the nanofiber is exposed to the vapor flow (which will be found to be 
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somewhat larger), and also with the time scale h for the heat flow inside the 

nanofiber (which will be found to be much larger). 

7.3.2 Estimate of the relevant time scales 

We start with the estimate for the time scale c for the cooling of the 

nanofibers by the “vapor wind”. Since the cross-section of the nanofibers is of the 

order of 100 nm, the time scale c can be estimated by assuming their temperature to 

be uniform, which is the so-called lumped capacitance approximation.[32] This time 

scale can then be estimated to be  

                                                       
     

 
                                                     (1) 

in which w is the diameter of the nanofiber,    and    are its density and specific 

heat, and h is the heat transfer coefficient. The latter can be expressed in terms of a 

Nusselt number,  

     
  

  
 

with    being the vapor thermal conductivity, so that  

                                      
      

    
  

    

    

  

    
                                             (2) 

in which   ,   , and    are the vapor density, specific heat, and thermal diffusivity, 

respectively. The (approximate) proportionality of c to the square of the fiber size is a 

particularly noteworthy feature of this expression. In standard correlations,[32]    is 

given as a function of the Prandtl and Reynolds numbers. No measured value for the 

former seems to be available for FC-72 vapor, but it is well known that the Prandtl 

number of gases is close to 1 and we can safely use this estimate here. Estimation of 

the Reynolds number requires a value for the viscosity of the vapor which, again, does 

not seem to have been measured. The order of magnitude of the viscosity of many 

gases and vapors is 10-5 Pa.s, and this is the value we will use. The density of FC-72 

vapor at the boiling point of 56 C is about 11.5 kg.m-3. Taking w ~ 100 nm and using 

these values we then find Re ~ 0.1 Vv, with Vv being the vapor velocity in m.s-1. This 

quantity has been estimated in Ref. 16 (see equation (13) of that paper) where it was 

found to be of the order of  
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)
  ⁄

                                              (3) 

with    being the liquid density,    being the liquid-surface temperature difference, L 

being the latent heat and     being the vapor Prandtl number. With    = 1680 kg.m-3, 

L = 88 kJ.kg-1, Cv = 910 J.kg-1.K-1 and    = 11.5 kg.m-3 (values at 56 C),                

   ~ 100 K, the impact velocity V ~ 1 m.s-1 and again taking     ~ 1, we find      ~ 

12 m. s-1 so that Re = 1.2. The Churchill–Bernstein correlation[32] then gives a Nusselt 

number of about 1. The use of Equation (2) requires values of    or   , neither of 

which seems to be available. For many gases and vapors    is of the order of           

10-5 m2.s-1. With this estimate, taking      2267 kg.m-3,      709 J.kg-.1.K-1 and, 

again, w ~ 100 nm, we find from Equation (2) c   150 ns.  

This time scale has to be compared with the characteristic time e during 

which the fiber is exposed to the cooler vapor until the liquid makes contact with it, 

which can be estimated as 

                                                            
  

 
                                                         (4) 

where    ~ DSt-2/3 is the characteristic thickness of the vapor layer at which the drop 

starts being deformed due to the increasing pressure on its underside.[33] Here, as 

above, D is the droplet diameter, V is the impact velocity, and            is the 

Stokes number, where    is the viscosity of vapor. Hence we obtain the time during 

which the nanofibers are exposed to the cooler vapor flow               ⁄ . In the 

use of this estimate we again encounter the problem that    is not available but, if we 

use the same estimate    ~ 10-5 Pa.s as before and take V   1 m.s-1, D   1 mm, we 

find e   330 ns, which is seen to be long enough to cause a substantial cooling of the 

fibers.  

Of course, as the fibers are cooled by the vapor, heat flows towards their tips 

from the silicon substrate with a characteristic time 

                                                         
  

  
                                                            (5) 

in which l is the fiber length and    is the thermal diffusivity of the carbon nanofibers. 

Since, in this experiment, the fibers had not been heat-treated, we can estimate their 
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thermal conductivity on the basis of the results of ref. 34 as    = 4.6 W.m-1.K-1 and, 

therefore,    ~ 2.86 × 10-6 m2.s-1. For the shorter fibers l ≈ 3.4 µm and, therefore,      

   ~ 4 µs, while for the longer fibers, l ≈ 7.5 µm and    ~ 20 µs. These times are 

much longer than both the cooling time and the exposure time to the vapor flow, 

which implies that the liquid encounters fibers at a much cooler temperature than the 

core silicon substrate. This circumstance would explain why the CNF surfaces require 

a higher temperature to achieve the film boiling regime compared to the smooth 

surfaces, and why the transition temperature increases with the fiber length. The size 

of the cross-section of the fibers in our experiment is close to the cross-over value at 

which cooling and exposure to the vapor flow have comparable time scales. It follows 

that fibers or, more generally, microstructures with a larger cross-section would be 

insensitive to the cooling effect. As a check of this expectation we can apply the same 

estimates to the case of the microstructured surfaces studied earlier.[16] In that case the 

fluid was water for which, of course, all the required physical properties are well 

known. The microstructures had the form of silicon pillars with a square cross-section 

of about 10 × 10 µm2 and heights from 2 to 8 µm. The vapor velocity estimated from 

Equation (3), again with    ~ 100 K and V ~ 1 m.s-1, is found to be     ~ 12 m.s-1. 

The corresponding Reynolds number is Re ~ 6 with the corresponding Nusselt 

number Nu ~ 1.7. In this case    = 2330 kg.m-3, Cn = 705 J.kg-1.K-1 and Equation (2) 

gives c ~ 6.6 ms. The exposure time to the vapor is not very different from the 

previous estimate, and is therefore several orders of magnitude shorter. It is evident 

that, in this case, the vapor flow is just a small perturbation which does not have an 

appreciable effect on the pillar temperature. 

7.3.3 Spreading factor 

We devote this section to quantifying the spreading factor of impacting 

droplets in the film boiling regime. The spreading factor is defined as Dm/D, where Dm 

is the maximum spreading diameter. In Figure 6, we show a log–log plot of Dm/D 

versus We for all the impact experiments obtained on smooth and CNF surfaces. All 

the data points were collected for impacts in the film boiling regime and in the course 

of which the droplets did not disintegrate during the expanding phase. The Weber 

number ranges from 5 to 600.  
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Figure 6: Spreading factor Dm/D for impacting FC-72 droplets on three surfaces: smooth silicon, 

and silicon covered with a 3.5 µm and a 7.5 µm-thick layer of carbon nanofibers. All the data 

points were obtained for impacts in the film boiling regime for which the impacting drop did not 

fragment in smaller droplets. The solid line represents the scaling relationship Dm/D ~ We
3/10 

derived by taking the vapor flow as the major driving mechanism for the spreading of the 

liquid.[16]  

All datasets collected from the three different surfaces collapse on the same 

curve, showing that the spreading dynamics does not depend on the features and 

temperature of the surfaces. This result is consistent with the recent study of 

impacting droplets on micro-structured surfaces,[16] which showed that the spreading 

factor is independent of the microstructures and depends very weakly on the surface 

temperature. Moreover, the spreading factor for We > 80 is in agreement with the 

scaling Dm/D  We3/10 derived in Ref. 16 for the large Weber number regime. This 

scaling law embodies the main assumption that the spreading of the liquid is driven by 

the vapor flow underneath the droplet.[16] Note that other studies have experimentally 

found that for We < 100, a scaling exponent ≈ 0.4 can be used to describe the impact 

of droplets on different types of surfaces, e.g., on hydrophobic powders,[35] and on 

sublimating surfaces.[36] However, due to different ranges of the Weber number, these 
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studies do not contradict our results of the spreading factor. As a result, we conclude 

that the presence of the carbon nanofibers only changes the transition temperature to 

film boiling of the impacting droplets, but does not affect the dynamics of the vapor 

flow in the film boiling regime or the liquid spreading. 

7.4 Conclusions 

We have explored the phase space (We, T) of the impact of FC-72 droplets on 

heated smooth silicon surfaces and surfaces coated with nanofibers (CNFs) of 

different lengths. Unexpectedly, we have found that the dynamic Leidenfrost 

temperature TL, i.e., the transition temperature between the contact and film boiling 

regimes, is higher on the CNF surfaces than on the smooth silicon surface. Increasing 

the fiber length from 3.5 µm to 7.5 µm causes TL to increase significantly due to the 

small time scale with which the nanofibers cool to the temperature of the vapor 

generated by the approaching liquid. Thus, the temperature of the fibers when in 

contact with the liquid is established is much lower than their initial temperature. In 

other words, the temperature of the CNF surfaces has to be set higher than in the case 

of smooth silicon surfaces to bring the impact in the film boiling regime. In contrast, 

the silicon microstructured surfaces studied in Ref. 16 maintain their temperature 

during impact and TL is lower, possibly because the liquid surface area which 

generates the vapor is larger due to the curvature caused by the micro-pillars.  

In spite of the effect on TL, we have found that as long as the impact is in the 

film boiling regime, the spreading factor of the droplet does not depend on whether 

the surface is smooth or covered with carbon nanofibers, nor does it depend on the 

surface temperature. The spreading factor is consistent with the scaling law          

Dm/D  We3/10, which was derived based on the effect of vapor flow on the   

spreading dynamics.[16]  

The increase in the dynamic Leidenfrost temperature caused by nanofibers 

fabricated on silicon surfaces has a considerable implication for various applications 

that require high operating temperatures because CNF surfaces can operate at higher 

TL while still maintaining contact with the liquid.  
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Summary and Outlook  

 

Abstract 

The subject of this thesis is the direct synthesis of 

well-adhesive carbon nanofiber (CNF) layers via 

thermal catalytic chemical vapor deposition. The 

aim is to grow spatially uniform CNF layers with 

controllable morphology and controllable 

wettability on Si based Ni thin film substrates. This 

thesis also discusses the evaporation of water 

droplets on this CNFs as well as the impact of 

droplets and the subsequent spreading behavior on 

heated CNF surfaces. The results of these investigations are summarized in this chapter and 

an outlook is formulated. 
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8.1 Summary  

The wettability of surfaces is determined by surface energy and roughness. In 

this thesis we study the growth and wetting properties of Carbon nanofibers (CNFs).  

In Chapter 1 an introduction to the CNFs and wettability, the main subjects in 

this thesis, is provided. The study of CNFs is placed in a historic perspective and the 

growing interest in superhydrophobicity is shortly introduced. 

In Chapter 2 the evaporation of a water droplet on FOTS-coated micro-

textured omniphobic silicon surface, fabricated by photolithography, is studied. The 

evaporation driven Cassie-Baxter to Wenzel wetting transition, which is earlier 

reported on superhydrophobic surfaces, is absent on our omniphobic surfaces. The 

added edge-curvature and roughness are shown to result in a delayed or totally absent 

Cassie-Baxter to Wenzel transition. A global interfacial energy argument, which can 

be successfully applied to predict the Cassie-Baxter to Wenzel transition for pillars 

with sharp edges and straight interfaces, fails to predict the transition on our 

omniphobic surfaces, probably as a consequence of the added energy barrier arising 

from the added edge-curvature and roughness.  

Chapter 3 details the influence of the pretreatment on the dewetting of the Ni 

thin film prior to the CVD growth process of the CNFs. Various nickel-based thin 

films – 10 nm Ni, 25 nm Ni and 25 nm Ni/10 nm Ta – on oxidized silicon supports 

were fabricated as support materials for the CNF synthesis and are subjected to 

different pretreatments (also pretreatment temperatures and pretreatment time lapses) 

in vacuum, air, nitrogen or hydrogen. For a pretreatment temperature of 650 ºC (1 h) 

in vacuum, air, nitrogen or hydrogen atmospheres only the latter results in the 

formation of separate nanoparticles. EDX-analysis shows that the particles are 

composed of Ni. No difference in Ni dewetting behavior is found between oxidized 

silicon and fused silica substrates. In case of reduced 25 nm Ni/10 nm Ta the diameter 

of the resulting nanoparticles has a sharp size distribution with an average of 56 nm.  

On Ni thin film samples pretreated in vacuum or nitrogen and exposed to the 

CNF synthesis procedure, amorphous carbon layers are formed on metallic thin films 

that are not completely dewetted into nanoparticles. Depending on the CNF growth 
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time and the absence/presence of Ta, the carbonaceous layers are continuous (and 

conformal) or porous, resulting in hardly any or scarce growth of CNFs. In case of air-

pretreated Ni samples, severe release of CNF carpets from the substrate occurs for 

CNF synthesis times of at least 1 min. It is concluded that pretreatment of Ni thin 

films in vacuum, nitrogen or air should not be performed when well-attached 

homogeneous layers of CNFs are desired. Good results are only obtained on reduced 

Ni films with an adhesion layer of Ta, giving homogeneously distributed, randomly-

oriented, well-attached and semi-crystalline CNFs within 3 min synthesis time. The 

diameter of these fibers is in the range 15-40 nm, which shows good correlation with 

the particle size distribution after reduction. Absence of the adhesion layer results in 

the formation of nanoparticles of several hundreds of nanometers diameter on which 

an amorphous carbon layer is deposited but no CNFs grow for synthesis times up to 3 

min. It is found that small spherical nanoparticles with a diameter below 80 nm are a 

necessity for fast initiation of CNF nucleation and growth. For the conditions explored 

in this work this is only the case for reduced (650 ºC, 1 h) films composed of e-beam 

evaporated Ni (25 nm) and Ta (10 nm). 

In an attempt to get more insight into the growth process and the nature of the 

synthesized CNF layers, the samples grown for varying growth time (0-60 min) were 

characterized in Chapter 4 by Raman and Infrared spectroscopy in addition to high 

resolution scanning electron microscopy (HRSEM) and Helium Ion Microscopy 

(HIM). The development of a thin “carpet” layer during the CNF growth on samples 

without a Ta adhesion layer was observed. This layer is assigned as a graphitic like 

carbon layer, which most probably develops via silicon carbide, which is formed 

during the pretreatment of the sample. 

Chapter 5 details the wetting properties of CNF layers grown on Si based Ni 

thin films. To achieve well-adhesive CNF-layers with a uniform surface coverage and 

tunable wettability without the necessity of post-synthesis treatments, a series of 

synthesis parameters is investigated: the pretreatment atmosphere (hydrogen or 

oxygen; 2 h, 500 °C), the use of ethylene (C2H4) or an ethylene/hydrogen (C2H4/H2) 

mixture as hydrocarbon source, and the growth time (in the range 5-60 min). Ni 

nanoparticle formation which is required for CNF growth, was only observed when a 

reductive pretreatment was applied. Fast and uniform CNF-growth is found on 
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reduced Ni-based thin films using C2H4/H2 at a synthesis temperature of 635 °C. The 

CNF-layers on Ni are superhydrophobic or highly hydrophobic for all growth times, 

but their adhesion to the support is poor for growth times > 30 min. In contrast, the 

adhesion of CNF-layers on Ni/Ta is excellent. Moreover, the wettability of these as-

synthesized CNF-layers can be controlled by variation of the growth time: from 

superhydrophobic (≤ 10 min) to hydrophilic (≥ 50 min). CNF-layers with such tunable 

wettability can be easily integrated in flow channels of silicon-based microfluidic 

systems, thereby offering numerous applications. 

The time evolution of the apparent contact angle during evaporation of a water 

droplet under ambient conditions (T~23C, H~0.3) on a CNF sample is studied in 

chapter 6. On this substrate the contact line remained pinned throughout almost the 

entire experiment and the evolution of the droplet mass and apparent contact angle 

with time were carefully recorded and compared with theoretical models. The initial 

contact angle was as high as 150, and since it decreased to 0 during evaporation, a 

very large range of contact angles could be studied. In our experiments the 

evaporation turned out to be quasistatic and diffusion-driven, thermal effects play no 

role. The results quantitatively agree well with a diffusion-based analytical 

evaporation model. Universal relations for the time evolutions of the droplet mass and 

contact angle are deduced and the scaling behavior is confirmed by our experimental 

results.   

Droplet impact experiments described in Chapter 7 on superheated silicon 

and carbon nano-fiber grown silicon surfaces showed that the dynamic Leidenfrost 

temperature, TL i.e., the transition from the contact boiling to the film boiling regime 

depends not only on the temperature of the surface and the kinetic energy of the 

droplet, but also on the size of the structures fabricated on the surface. TL is higher on 

the CNF surfaces than on the smooth silicon surface. Unlike in microstructured silicon 

surfaces where increasing pillar height decreased TL,  in CNF grown silicon surfaces, 

increasing the fiber length from 3.5 µm to 7.5 µm causes TL to increase significantly 

due to the rapid cooling of the nanofibers by the “vapor wind” of the impacting liquid.  
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8.2 General Recommendations and Outlook 

The CNF growth experiments in this thesis show that under the here used 

experimental conditions the CNF layer thickness increases with increasing growth 

time and then stabilizes due to catalyst deactivation, bending and entanglement of 

CNFs. To get a more detailed insight in the growth process in-situ environmental 

SEM monitoring of the CNF growth process would certainly be an option. One could 

study this way the nucleation, formation and reaction kinetics of CNF growth, 

especially in the initial stages. The IR and Raman spectra shown in this thesis 

demonstrate that these spectroscopic techniques are valuables tools to study the 

growth of CNF and certainly further analysis of these spectra will pave the way for a 

more detailed understanding of the different stages in the CNF growth on these Si 

substrates. XPS and (in situ) TEM measurements could be used to get additional 

information on the growth process of CNFs in future research projects.  

We showed convincingly (see chapter 5) that wettability can be tuned from 

nearly hydrophobicity to superhydrophobicity by tuning the growth time. However, 

an exact relation between the surface morphology and the wetting properties of these 

surfaces is still lacking, in a large extent due to the heterogeneous nature and complex 

structure of the CNF layers, reflected in a wide distribution of CNF diameters, 

bending and entanglement of CNFs for higher growth time. Techniques which gives 

accurate measurements of CNF surface area, roughness, void volume (porosity) could 

be helpful here, among which electron tomography would be an obvious choice to 

start with, because of its capability to resolve 3D objects. 

The possibility to accurately control the growth of CNFs on thin layers in 

silicon substrates opens the possibility to fabricate and study catalytic reactions in 

microreactors, using the CNF as a catalyst support. The CNFs will provide a precise 

control of the concentration of reactants and products at the active side due to their 

low diffusion resistance, thus minimizing mass transfer limitations, while at the same 

time the optimized surface to volume ratio of the microreactor is beneficial to reduce 

heat transfer limitations. 

A generally accepted notion is that wetting (hydrophilic) surfaces obey the no-

slip boundary condition whereas clean non-wetting (hydrophobic) surfaces exhibits 
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apparent slip, of the order of microns  (~1000 times longer than the molecular size or 

mean free path) often to a surprisingly large extent.[1] Our initial experiments showed 

that these layers could be successfully grown directly in micro-reactors. The 

possibility to tune the wettability of well-adhesive, as-synthesized CNF-layers – 

without post-synthesis treatments– enables the systematic variation of the wettability 

in flow channels of silicon-based microfluidic systems by a CNF coating, thus 

enabling a systematic study of the presence (or absence) of slippage in CNF coated 

microreactors by micro-particle image velocimetry. This information would, in 

addition, be relevant for catalytic reaction studies in microreactors. For example, 

hydrophilic CNF-layers can be used as catalyst support in microreactors and 

superhydrophobic CNFs as coatings for drag reduction (super-lubrification). 

An attractive proposition for further research in line of the evaporation studies 

conducted in chapter 6, is the effect of surfactants and salt being present in the 

evaporating water droplets, as well as the evaporation of various other liquids, like 

ethanol, FC-72 and olive oil. Beside droplets of one liquid, one could also think of 

evaporation or wetting studies of mixed liquids. 

For the study of the dynamic Leidenfrost temperature, presented in chapter 7, 

an accurate value of surface area, density and void volume of the CNF surface would 

potentially lead to a better understanding of the observed phenomena. Unfortunately, 

BET surface area measurements were not reliable due to the low amount of carbon 

produced. One option is to grow CNFs on substrates fabricated with bigger dimension 

in order to reach a reasonable amount of CNFs which could give proper BET surface 

area and void volume measurements. In addition, a careful experimental 

determination of the thermal conductivity and thermal diffusivity of the CNFs used in 

this study is lacking. 

Impacting droplets on superheated CNF surfaces at various Weber and 

Reynolds number may result in a wealth of phenomena, including jet formation, 

micro-droplet formation, splashing.[2] Further experimental investigation of the 

dynamics after droplet impact, will certainly result in new and exciting fundamental 

discoveries and are highly relevant for industrial applications like inkjet printing, 

spray cooling and spray painting.  
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SAMENVATTING IN HET NEDERLANDS 

(SUMMARY IN THE DUTCH) 

 

De bevochtigingseigenschappen van oppervlakken worden bepaald door de 

oppervlakte vrije energie en de ruwheid. In dit proefschift worden de groei en 

bevochtigingseigenschappen van koolstof nanodraden bestudeerd. 

Hoofdstuk 1 vormt in inleiding op koolstof nanodraden en bevochtiging, de 

belangrijke onderwerpen in dit proefschrift. De bestudering van koolstof nanodraden 

wordt in een historisch perspectief geplaatst en de groeiende interesse in (super) 

waterafstotende oppervlakken wordt geïntroduceerd. 

In hoofdstuk 2 wordt het verdampen van een water druppel op een silicum 

oppervlak voorzien van een textuur op micrometer schaal en een FOTS coating 

bestudeerd. Een door het verdampingsproces geïnduceerde Cassie-Baxter naar 

Wenzel overgang voor de druppel, zoals eerder gevonden is voor super 

waterafstotende oppervlakken, wordt op deze oppervlakken, die naast waterafstotend 

ook olieafstotend blijken te zijn, niet of veel later geobserveerd. Een verklaring op 

basis van een vergelijking van de oppervlakte vrije energie van de verdampende 

druppels, wat voor micropilaren met een scherpe rand en een glad oppervlak een 

correcte beschrijving van de Cassie naar Wenzel overgang oplevert, kan deze 

overgang voor de water- en olieafstotende oppervlakken niet verklaren. Het 

verschuiven of uitblijven van deze overgang wordt in dit geval toegeschreven aan een 

extra energie barrier ten gevolge van de toegevoegde grotere kromtestraal van de rand 

en grotere ruwheid van de oppervlakken van de micropilaren. 

Hoofdstuk 3 beschrijft de invloed van de van de voorbehandeling van samples 

die voorafgaat aan het groeiproces van de koolstof nanodraden op de 

bevochtigingseigenschappen van de dunne nikkel (Ni) laag. Ni lagen met variërende 

dikte en hechtingslagen – 10 nm Ni, 25 nm Ni en 25 nm Ni op 10 nm Tantaal (Ta) als 

hechtlaag – zijn gegroeid op een geoxideerd silicium substraat als dragermateriaal 

voor een te groeien koolstof nanodraden. Deze lagen werden blootgesteld aan 
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verschillende voorbehandelingen (namelijk verschillende temperaturen en tijdsduur) 

in vacuum, lucht, stikstof of waterstof omgeving. Voor een voorbehandeling van één 

uur op 650 ºC  werd alleen in de aanwezigheid van waterstof gas de vorming van 

separate Ni nanodeeltjes (aangetoond door energie dispersieve röntgen analyse) 

geobserveerd. Voor de 25 nm Ni op 10 nm Ta resulteerde deze voorbehandeling in 

een scherp rond 56 nm gepiekte deeltjesgrootte verdeling. 

Voor de Ni dunne lagen die voorbehandeld zijn in vacuum of stikstof 

resulteerde blootstelling aan condities die idealiter zouden kunnen leiden tot groei van 

koolstofnanodraden, in dit geval tot de vorming van amorfe koolstoflagen op niet 

volledig in nanodeeltjes gefragmenteerde dunne Ni lagen. Afhankelijk van de 

koolstofnanodraden groei tijd en de aanwezigheid van een Ta laag zijn de koolachtige 

lagen continu of poreus, zonder de vorming van koolstofnanodraden. In lucht 

voorbehandelde samples resulteren voor groeitijden vanaf een minuut in 

koolstofnanodraden tapijten, die echter niet stevig verankerd zijn aan het substraat. Er 

wordt geconcludeerd dat de voorbehandeling van de Ni dunne lagen in vacuum, 

stikstof of lucht niet resulteert goed gebonden, homogene koolstofnanodraden lagen. 

Voor samples met een Ta hechtlaag worden homogeen gedistribueerde, goed 

verankerde, semikristallijne kooldraden gegroeid binnen een groetijd van 3 minuten. 

De diameter van deze draden varieert tussen 15 en 40 nm, wat goed overeenkomt met 

de deeltjesgrootte verdeling na de reducerende voorbehandeling. Afwezigheid van de 

Ta hechtlaag resulteert in de vorming van nanodeeltjes van enkele honderden 

nanometers in diameter, waarop een amorfe koollaag wordt gevormd, maar geen 

koolstof nanodraden worden geobserveerd. Nanodeeltjes met een diameter kleiner dan 

80 nm blijken een vereiste te zijn voor koolstofnanodradengroei. Voor de condities 

die in deze studie zijn gehanteerd, was dit alleen het geval voor een gereduceerde film 

van 25 nm Ni op een 10 nm Ta hechtlaag.  

In een poging om meer inzicht te genereren in het groeiproces and de aard van 

de gesynthetiseerde koolstofnanodraden lagen zijn in hoofdstuk 4 de monsters met 

koolstofnanodraden met verschillende groeitijden (varierend van enkele minute tot 

een uur) gekarakteriseerd door Raman en Infrarood spectroscopie en hoge resolutie 

electronen en He ionen microscopie. Tijdens de groei van de koolstofnanodraden 

blijkt zich op de samples zonder Ta hechtlaag een dunne bijna vrij staande 
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koolstoflaag te vormen. Deze laag heeft grafiet karakteristieken en ontwikkeld zich 

waarschijnlijk door de vorming van silicium carbide laag, die gedurende de 

voorbehandeling van het monster ontstaat.  

In hoofdstuk 5 worden de bevochtigingeigenschappen van de kooldraden 

lagen gegroeid op de Ni dunne lagen bestudeerd. De voorbehandelings atmosfeer 

(blootstelling aan waterstof of zuurstuf gedurende 2 uur op 500 °C), het gebruik van 

een ethyleen of ethyleen/waterstof mengels als koolstof bron en de groeitijd (5 – 60 

min) zijn systematisch gevarieerd. De vorming in gefragmenteerde Ni nanodeeltjes, 

die noodzakelijk zijn voor de kooldradengroei, werd alleen gezien bij een reducerende 

voorbehandeling. Voor deze gereduceerde samples werd bij een groeitemperatuur van 

635 °C de vorming van een uniforme koolstofdradenlaag geobserveerd. De 

koolstofnanodraden die gegroeid werden op Ni/SiO2 lagen vertoonden waterafstotend 

gedrag voor alle groeitijden, maar echter met een slechte binding aan het 

dragermateriaal voor groeitijden lager dan 30 minuten. Kooldraden gegroeid om Ni 

lagen op een Ta hechtlaag bleken wel een goede adhesie aan het dragermateriaal te 

vertonen en op deze lagen kan bovendien door het variëren van de groeitijd de 

bevochtiging gecontroleerd worden van zeer waterafstotend (≤ 10 min) tot 

waterlievend (≥ 50 min). Deze koolstofnanodraden kunnen gemakkelijk toegepast 

worden in vloeistof kanalen van Si gebaseerde microfluidische systemen. 

In hoofdstuk 6 wordt de contacthoek van  een verdampende waterdruppel 

(T~23C, H~0.3) op een koolstofnanodradensample gevolgd in de tijd. Op dit 

substraat blijkt de contactlijn gedurende bijna het gehele experiment gepind te zijn en 

de veranderingen in de massa van de druppel en de contacthoek werden zorgvuldig 

vergeleken met theoretische modellen. De initiële contacthoek tijdens de verdamping 

was 150 and deze reduceerde gedurende het experiment gelijdelijk tot uiteindelijk 0. 

De verdamping van waterdruppels op deze oppervlakken blijkt diffusie-gedreven te 

zijn, zonder waarneembare thermische effecten. De experimentele resultaten komen 

goed overeen met een diffusie gebaseerd analytisch verdampingsmodel. Op basis van 

dit model zijn universele relaties voor het tijdsverloop van de massa en contacthoek 

van de druppel afgeleid. 
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De experimenten beschreven in hoofdstuk 7, waarbij druppels met een 

bekende snelheid op een verhit Si and koolstofnanodraden/Si substraat vallen tonen 

aan dat de dynamische Leidenfrost temperatuur  TL , de overgangstemperatuur tussen 

direct contact met de kokende druppel naar de aanwezigheid van een dunne 

waterdamplaag, niet alleen afhangt van de kinetische energie en de temperatuur, maar 

ook van de grootte van de structuren die op het oppervlak aanwezig zijn. De 

dynamische Leidenfrost temperatuur TL is hoger voor de kooldraden oppervlakken 

dan voor de vlakke siliciumoppervlakken. In tegenstelling tot de observaties bij 

microgestructureerde silicium oppervlakken, waarbij een hogere pilaarlengte leidt tot 

een lagere TL. wordt voor de koolstofnanodraden oppervlakken bij een toename van 

de kooldradenlengte van 3.5 µm naar 7.5 µm een significante toename in TL 

geobserveerd, als gevolg van de snelle afkoeling van de nanodraden door de koele 

dampstroom die aan de vallende druppel voorafgaat. 
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